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Student Supplements 


(wP} MasferingPhysicsTM (www.mas(eringplhysics.com) 1s a 
) homework, tutorial, and assessment system based on 


years OŸ research into how students work physics problems 
and precisely where they need help. Studies show that 
studenfs who use MasteringPhysics significantly Increase thelr 
inal scores compared to hand-written homework. Mastering- 
PhysiIcs achieves this Improvement by providing students 
with Iinstantaneous feedback specific to their wrong answers, 
simpler sub-problems upon request when they get stuck, and 
partial credit for their method(s) used. This individualized, 
24/7 Socratic tutoring 1s recommended by nine out of ten 
students to their peers as the most effective and time-efficient 
way to study. 

The Student Study Guide with Selected Solufions, Volume I 
(Chapters 1—15, ISBN 978-0-321-76240-5) and Volume II 
(Chapters 16-33, ISBN Ø78-0-321-76808-7), written by Joseph 
Boyle (Miami-Dade Community College), contains over- 
views, key terms and phrases, key equations, self-study exams, 
problems for review, problem solving skills, and answers and 
solutions to selected end-of-chapter questions and problems 
for each chapter of this textbook. 


Pearson eText ¡is available through MasteringPhysics, either 
automatically when MasteringPhysics 1s packaged with new 
books, or avallable as a purchased upgrade online. Allowing 
students access to the text wherever they have access to the 
Internet, Pearson eText comprises the full text, including 
figures that can be enlarged for better viewing. Within eText, 
students are also able to pop up definitions and terms to help 
with vocabulary and the reading of the material. Students can 
also take notes in e Text using the annotation feature at the top 
Of each page. 


® Pearson Tutor Seryices (www.pDearsonfu{orservIces.corn): 


Each studenf£'s subscrIption to MasteringPhysics also contains 
complimentary access to Pearson Tutor Services, powered by 
Smarthinking, Inc. By logging In with their MasteringPhysics 
TD and password, they wiIll be connected to highly qualified 
e-Instructors7M who provide additional, interactive online 
tutoring on the major concepfs Of physics. 


ActivPhysics OnLineTM (accessed throueh the Self Study area 
within www.masteringphysies.corn) provides students with a 
group of highly regarded applet-based tutorials (see above). 
The following workbooks help students work thouph complex 
concepts and understand them more clearly. 


ActfivPhysics OnLine Workbook Volume 1: Mechanics * 
Thermal Physics ® Oscillations & Waves 
(ISBN 978-0-805-39060-5) 


AcfivPhysics OnLine Workbook Volume 2: Electricity & 
Magnetism ° Optics s Modern Physics 
(ISBN 978-0-§05-39061-2) 


Preface 


Whats New? 
Lots! Much 1s new and unseen before. Here are the big four: 


1. Muluple-choice Questions added to the end of each Chapter. They are not the 
usual type. These are called MisConceptual Quesfions because the responses 
(a, b, c, đ, etc.) are Intended to include common student misconceptions. 
Thus they are as much, or more, a learning experience than simnply a testing 
©Xperlence. 


2. Search and Learn Problems at the very end of each Chapter, after the other 
Problems. Some are pretty hard, others are fairly easy. They are Intended to 
encourage students to go back and reread some part or parts of the text, 
and mm this search for an answer they will hopefully learn more—If only 
because they have to read some material again. 


3. Chapfer-Opening Quesfions (COQ) that start each Chapter, a sort of 
“smulant.” Each 1s multiple cholce, with responses including common 
1nisconcepfions—to get preconceived notions out on the table right at the 
start. Where the relevant material 1s covered In the text, students find an 
Exercise asking them to return to the COO to rethink and answer again. 


4. Digital. Bigsest of all. Crucial new applications. Today we are surrounded by 
digital electronics. How does 1t work? If you try to fnd out, say on the 
Internet, you won't find much physics: you may find shallow hand-waving 
with no real content, or some heavy Jargon whose basis might take months or 
years to understand. So, for the first time, I have tried to explain 


® The basis of digital in bits and bytes, how analog gets transformed Into 
digital, sampling rate, bit depth, quantizafion error, compTessIon, noIse 
(Section 17—10). 


®- How digital'TV works, including how each pixel 1s addressed for each frame, 
data stream, refresh rate (Section 17-11). 


®_ Semiconductor computer memory, DRAM, and flash (Section 21—8). 
®- Digital cameras and sensors—revised and expanded Section 25—1. 


s® New semiconductor physics, some of which 1s used in digital devices, 
including LED and OLED-——how they work and what their uses are——plus 
more on transistors (MOSFETT), chips, and technology øgenerafion as In 
22-nm technolosgy (Sections 29-9, 10, 11). 


Besides those above, this new seventh edition includes 
5. New fopics, new appÏÌications, principal revisions. 
® You can measure the Earth”s radius (Section 1-7). 
s®_Improved graphical analysis of linear motion (Section 2—§). 
®_ Planets (how first seen), heliocentric, geocentric (Section 5—8). 


s® The Moon's orbit around the Earth: 1ts phases and periods with diapram 
(Section 5—9). 


s® Explanation of lake level change when large rock thrown from boat 
(Example 10-11). 
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10. 


11. 


12. 


®- Biology and medicine, including: 
5 Blood measurements (flow, sugar)—Chapters 10, 12, 14, 19, 20, 21; 
s_ 'Irees help offset CO; buildup——Chapter 15; 
s_ Pulse oximeter—Chapter 29; 
s_ Proton therapy—Chapter 31; 
5 Radon exposure calculation—Chapter 31; 
5 Cell phone use and brain—Chapter 31. 
® Colors as seen underwater (Section 24-4). 
®- Soap film sequence of colors explained (Section 24—8). 
®_ Solar sails (Section 22~6). 
® Lofs on SpOFTfS. 
® Symmetry—more emphasis and using 1talics or boldface to make visible. 
®_ Flat screens (Sectilons 17-11, 24-11). 
®_ Free-electron theory of metals, Fermi gas, Fermi level. New Section 29-6. 


®  Semiconductor devices—new details on diodes, LEIDs, OLEDs, solar cells, 
compound semiconductfors, diode lasers, MOSFETT transistors, chips, 22-nm 
technology (Sections 29—9, 10, 11). 


® Cross section (Chapter 31). 


s®_ Length of an object is a script É rather than normail !, which looks like 1 or 
! (moment of inertia, currenf), as in # = !ÊB. Capital L is for angular 
momentum, latent heat, inductance, dimensions of length [L]. 


‹ Jew photographs taken by students and instructors (we asked). 


. Page layout: More than In previous editlons, serious attention to how each 


p2ge 1s formatted. Important derivations and Examples are on facing pages: 
no turning a page back 1n the middle of a derivation or Example. Throughout, 
readers see, on two facing pages, an Important slice of physics. 


„ Greafer clariiy: No topic, no paragraph in this book was overlooked In the 


search to improve the clarity and concIseness of the presentation. Phrases 
and sentences that may slow down the prmcipal argument have been 
eliminated: keep to the essenfials at first, give the elaboratlons later. 


‹ Much use has been made of physics education research. See the new 


powerful pedagogIc features listed first. 


Examples modjfied: More math steps are spelled out, and many new 
Examples added. About 10% of all Examples are Estimation Examples. 


This Book ¡s Shorter than other complete full-service books at this level. 
Shorter explanations are easler to understand and more likely to be read. 


Cosmological Revolution: With generous help from top experts In the field, 
readers have the latest results. 


See the World through Eyes that Know Physics 


I was motivated from the beginning to write a textbook different from the others 
which present physlcs as a sequence of facts, like a catalog: “Here are the facfs 
and you better learn them.” Instead of beginning formally and dogmatically, 
I have soupht to begin each topic with concrete observations and experiences 
students can relate to: start with specifics, and after go to the øreat generalizations 
and the more formal aspects of a topic, showing 2øy we belleve what we believe. 
Thịs approach reflects how sclence 1s actually practiced. 


The ultimate aim 1s to give students a thorough understanding of the basic 
conceptfs of physics 1n all 1s aspects, from mechanIcs to modern physics. A second 
obJective 1s to show students how useful physics 1s in thelIr own everyday lives and 
1n their future professions by means oŸ interesting applications to biology, medicine, 
architecture, and more. 

AIso, much effort has gone Into techniques and approaches for solving 
problems: worked-out Examples, Problem Solving sections (Sections 2—6, 3—6, 
4-7, 4-8, 6-7, 6-9, 8-6, 9-2, 13-7, 14-4, and 16-6), and Problem Solving 
Strafegles (pages 30, 57, 60, 88, 115, 141, 158, 184, 211, 234, 399, 436, 456, 534, 
568, 594, 655, 666, and 697). 

Thịs textbook 1s especially suited for students taking a one-year 1nfroduc- 
tory course in physics that uses algebra and trigonometry but not calculus.” 
Many of these students are ma]Joring 1n biology or premed, as well as architecture, 
technology, and the earth and environmental sclences. Many applications to 
these fields are mmtended to answer that common student query: “Why must I study 
physics?” The answer 1s that physics 1s fundamental to a full understanding of 
these fields, and here they can see how. Physics 1s everywhere around us in the 
everyday world. It1s the goal of this book to help students “see the world through 
eyes that know physIcs.” 

A major effort has been made to not throw too much material at students 
reading the first few chapters. The basics have to be learned first. Many aspects can 
come later, when students are less overloaded and more prepared. If we don't 
overwhelm students with too much detail, especially at the start, maybe they can 
find physics Interesting, fun, and helpful——and those who were afraid may lose 
their fear. 

Chapter 1 1s zoứ a throwaway. It 1s fundamental to physics to realize that every 
measurement has an cerfainfy, and how significant figures are used. Converting 
units and being able to make rapid es/afes are also basIc. 

Mathemaiics can be an obstacle to students. I have aimed at including all steps 
1n a derivation. Important mathematical tools, such as addition of vectors and 
trigeonomeftry, are Incorporated 1n the text where first needed, so they come with 
a context rather than In a scary Introductory Chapter. Appendices confain a review 
of algebra and geometry (plus a few advanced topIics). 

Color 1s used pedagogically to bring out the physics. Different types OŸ vectOrs 
are given different colors (see the chart on page xiX). 

Sections marked with a star * are considered optional. These contain slightly 
more advanced physilcs material, or material not usually covered 1n typical 
courses and/or Interesting applications; they contain no material needed In later 
Chapters (except perhaps In later optional Section§). 

For a brIef course, all optional material could be dropped as welÏ as significant 
parts of Chapters 1, 10, 12, 22, 28, 29, 32, and selected parts of Chapters 7, 8, 9, 
15, 21, 24, 25, 31. Topics not covered In class can be a valuable resource for later 
study by students. Indeed, this text can serve as a useful reference for years because 
OÝ 1s wIde range OŸ coverage. 


TTt is fine to take a caleulus course. But mixing calculus with physics for these students may often 
mean not learning the physics because of stumbling over the calculus. 
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PREFACE 


To Students 
HOW TO STUDY 


1. 


2. 


Read the Chapter. Learn new vocabulary and notation. Try to respond to 
questlons and exercises as they OCCUT. 

Attend all class meetings. Listen. Take notes, especially about aspects you do not 
remember seeing in the book. Ask questions (everyone wanfs to, but maybe you 
will have the courage). You wïÏl get more out of class 1Ý you read the Chapter first. 


. Read the Chapter again, paying attention to details. Follow derivations and 


worked-out Examples. Absorb their logic. Answer Exercises and as many of 
the end-of-Chapter Questions as you can, and all MisConceptual Questions. 


„ Solve at least 10 to 20 end of Chapter Problems, especially those assigned. In 


doing Problems you find out what you learned and what you didn't. Discuss 
them with other students. Problem solving 1s one of the great learning tools. 
Don't just look for a formula——It mipht be the wrong one. 


NOTES ON THE FORMAT AND PROBLEM SOLVING 


1. 


Sections marked with a star (*) are considered opfional. They can be omitted 
without Interrupting the main flow of topics. No later material depends on 
them except possibly later starred Sections. They may be fun to read, though. 


„ The customary convenfions are used: symbols for quantities (such as z for 


mass) are italicized, whereas unmts (such as m for meter) are not italicized. 
Symbols for vecfors are shown 1n boldface with a small arrow above: E. 


‹ Few equations are valid in all situations. Where practical, the limitations of 


1mportanf equations are stated in square brackets next to the equation. The 
equations that represent the great laws of physics are displayed with a tan 
background, as are a few other Indispensable equations. 


‹ At the end of each Chapter 1s a set of Quesfions you should try to answer. 


Attempt all the multiple-choice MisConceptual Questions. Most important 
are Problems which are ranked as Level I, II, or III, according to estimated 
difficulty. Level I Problems are easiest, Level II are standard Problems, and 
Level III are “challenge problems.” These ranked Problems are arranged by 
Section, but Problems for a given Section may depend on earlier material 
too. There follows a group of General Problems, not arranged by Section or 
ranked. Problems that relate to optional Sections are starred (*). Answers to 
odd-numbered Problems are given at the end of the book. Search and Learn 
Problems at the end are meant to encourage you to return to parts of the text 
to fnd needed detail, and at the same time help you to learn. 


‹Being able to solve Problems 1s a crucial part of learning physics, and provides 


a powerful means for understanding the concepts and principles. This book 
contains many aids to problem solving: (a) worked-out Examples, including 
an Approach and Solution, which should be studied as an integral part of 
the text; (b) some of the worked-out Examples are Esfimation Examples, 
which show how rough or approximate results can be obtained even I1 
the given data are sparse (see Section 1-7); (c) Problem Solving Strategies 
placed throughout the text to suggest a step-by-step approach to problem 
solving for a particular topic—but remember that the basics remaim the 
same; most of these “Strategles” are followed by an Example that 1s solved 
by explicitly following the supgested steps; (d) special problem-solving 
Sections; (e) “Problem Solving” marginal notes which refer to hinfs within 
the text for solving Problems; (f) Exercises within the text that you should 
work out immediately, and then check your response agaInst the answer 
gIven at the bottom of the last page of that Chapter; (ø) the Problems them- 
selves at the end of each Chapter (point 4 above). 


‹ Conceptual Examples pose a question which hopefully starts you to think 


and come up with a response. Give yourself a little time to come up with 
your own response before reading the Response g1ven. 


„ Math review, plus additional topics, are found in Appendices. Useful dafa, con- 


version factors, and math formulas are found inside the front and back covers. 


USE OF COLOR 


Vectors 
A general vector —=b 
resultant vector (sum) is slightly thicker E——>- 
components of any vector are dashed -—mm—=m> 
Displacement (D,F) ma 
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Light rays —= —= Enersy level 
Object | (atom, efc.) 
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This page intenfionadlly lẹf† blank 


Image of the Earth from a NASA satellite. 
The sky appears bladk‹ from out in space 
.. because there are so few molecules 
to reflect light. (Why the sky 
appears blue to us on 
Earth has to do with 
scattering of lipht by 
le molecules of the 
'. atmosphere, as 
discussed in 
Chapter 24.) 
Note the 
stom off 
the coast 


of Mexico. 


Introductfion, 
Measurement, Estimating 


—Guess now! CONTENTS 
How many cmỶ are in 1.0 m”? 1-1 The Nature of Science 
10. 100. 1000. 10,000. 100,000. 1,000.000. 1~2_ Physics and its Relation to 
Other Fields 


Suppose you wanted to actually measure the radius of the Earth, at least 
rouphly, rather than taking other people°s word for what 1t 1s. Which response 
below describes the best approach? 


1-3  Models, Theories, and Laws 


1-4 Measurement and Uncertainty; 
Sipnificant Eigures 


Use an extremely long measuring tape. 1-5 Units, Standards, and 
lt1s only possible by flying high enouph to see the actual curvature of the Earth. the SI System 
se a standard measuring tape, a step ladder, and a large smooth lake. 1-6 Converting Units 
se a laser and a mirror on the Moon or on a satellite. 1-7 Order of Magnitude: 
Give up; 1t 1s Iimpossible using ordinary means. Rapid Estimating 
[We start cach Chapter with a Question—sometimes two. Ty to answer right away. Dont worry about x. rhtE Bọ Bu and IDiimensional 


getting the right answer now—the idea is to get your preconceived notions out on the table. lƒ they 
are misconcepfions, we expect them to be cleared up as you read the Chapter. You will usually get 
another chance at the Question(s) later in the Chapter when the appropriate material has been covered. 
These Chapter-Opening Questions will also help you see the power and usefulness oƒ physics.] 


FIGURE 1-1 Aristotle ¡s the central 


figure (dressed ¡n blue) at the top of 


the stairs (the figure next to him 1s 
Plato) in this famous Renaissance 
portrayal of The School öoƒ Athens, 
painted by Raphael around 1510. 
Also mn this painting, considered 
one of the øgreat masterpieces In art, 
are Euclid (drawing a circle at the 
lower ripht), Ptolemy (extreme 
ripht with globe), Pythagoras, 
Socrates, and Diogenes. 


2 CHAPTER 1 


Introduction, 


structure of matter. The field of physics 1s usually divided Into classical 

phys¡ics which 1ncludes motion, fluids, heat, sound, lipht, electricity, and 
magnetism; and modern physics which 1ncludes the topics of relafivity, atomic 
sfructure, quantum theory, condensed matter, nuclear physics, elementary particles, and 
cosmology and astrophysics. We will cover all these topics in this book, beginning 
with motion (or mechanics, as 1 is often called) and ending with the mosft recent 
results in fundamental particles and the cosmos. But before we begin on the 
physIcs 1tself. we take a brief look at how this overall activity called “sclence,” 
including physics, 1s actually practiced. 


D hysics 1s the most basic of the sciences. It deals with the behavior and 


I—I The Nature of Science 


The principal aim of all sciences, including physics, 1s generally considered to be 
the search for order 1n our observatilons of the world around us. Many people 
thmnk that sclence is a mechanical process of collecting facts and devising 
theorles. But 1t 1s not so simple. Science 1s a creafive activity that In many 
respects resembles other creative activifles of the human mind. 

One important aspect of sclence 1s observafion of events, which Includes 
the design and carrying out of experiments. But observation and experiments 
Tequire Imagination, because scientists can never include everything In a 
description of what they observe. Hence, scientis(s must make judgments about 
what 1s relevant in their observations and experiments. 

Consider, for example, how two preat minds, Aristotle (384-322 BC.; 
Fig. 1-1) and Galileo (1564-1642; Fig. 2-18), Interpreted motion along a hori- 
zontal surface. Aristotle noted that obJects øg1ven an 1mitial push along the ground 
(or on a tabletop) always slow down and stop. Consequently, Aristotle argued, 
the natural state of an oblect 1s to be at rest. Galileo, the first true experimen- 
talist, reexamined horizontal motion in the 1600s. He imagined that 1f friction 
could be eliminated, an objJect given an Initial push along a horizontal surface 
would confinue to move Iindefinmtely without stopping. He concluded that for an 
object to be In motlon was Just as natural as for 1t to be at rest. By Inventing a 
new way of thinking about the same data, Galileo founded our modern view of 
motion (Chapters 2, 3, and 4), and he did so with a leap of the Imagination. 
Galileo made this leap conceptually, without actually eliminating friction. 


Measurement, Estimating 


Observation, with careful experimenfation and measurement, 1s one side oŸ 
the scientific process. The other side 1s the Invention or creation of theories to 
explain and order the observatlons. Theorles are never derived directly from 
observations. Observations may help Inspire a theory, and theorIes are accepted 
or rejected based on the results of observation and experiment. 

Theorles are inspirations that come from the minds of human beings. For 
example, the idea that matter ¡is made up of atoms (the atomic theory) was not 
arrived at by direct observation of atoms——we cant see atoms directly. Rather, 
the Idea sprang from creative minds. The theory of relativity, the electromag- 
netic theory of lipht, and Newton”s law of universal gravitation were likewise 
the result of human Imagination. 

The great theories of sclence may be compared, as creative achievements, 
with great works of art or lierature. But how does sclence differ from these 
other creative acfivities? One important difference 1s that sclence requires 
testing of 1ts ideas or theories to see 1f their predictions are borne out by exper- 
Iiment. But theorles are not “proved” by testing. First of all, no measuring 
1nstrument 1s perfect, so exact confrmation 1s not possible. EFurthermore, 1† 1s 
not possible to test a theory for every possible set of circumstances. Hence a 
theory cannot be absolutely verified. Indeed, the history of science tells us that 
long-held theories can sometimes be replaced by new ones, particularly when 
new experimental techniques provide new or contradictory data. 

A new theory 1s accepted by sclentists in some cases because 1ts predicfions 
are quanfifatively 1n better agreement with experiment than those of the older 
theory. But in many cases, a new theory 1s accepted only 1ƒ it explalns a greafter 
range of phenomena than does the older one. Copernicuss Sun-centered theory 
of the universe (FEig. 1-2b), for example, was originally no more accurate than 
Ptolemy”s Earth-centered theory (Fig. 1-2a) for predicting the motion of heav- 
enly bodies (Sun, Moon, planets). But Copernicus”s theory had consequences 
that Ptolemy's did not, such as predicting the moonlike phases of Venus. A 
simpler and richer theory, one which unifiies and explains a greater variety of 
phenomena, 1s more useful and beautiful to a sclentist. And this aspect, as well 
as quantitafive agreement, plays a maJor role in the acceptance of a theory. 


FIGURE 1-2 (a) Ptolemy's geocentric view of the universe. Note at the center the four elements of the 
ancients: Earth, water, air (clouds around the Earth), and fire; then the circles, with symbols, for the Moon, 
Mercury, Venus, Sun, Mars, Jupiter, Saturn, the fixed stars, and the signs of the zodiac. (b) An early 
represenftation of Copernicus”s heliocentric view of the universe with the Sun at the center. (See Chapter 5.) 
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FIGURE 1-3 Studies on the forces 
1n síructures by Leonardo da Vincl 
(1452-1519). 


An Iimportant aspect of any theory 1s how well it can quantitatively predIct 
phenomena, and from this point of view a new theory may often seem to be only 
a minor advance over the old one. For example, Einstein's theory of relativity 
gIves predictions that differ very litle from the older theories of Galileo and 
Newton 1n nearly all everyday situations. Its predictions are better mainly In the 
extreme case of very hipgh speeds close to the speed of light. But quantitative 
prediction 1s not the only Important outcome of a theory. Qur view of the world 
1s affected as well. As a result of Einstein's theory of relativity, for example, our 
concepfs of space and time have been completely altered, and we have come to 
see mass and energy as a single entity (via the famous equation # = zmc?). 


1-2 Physics and its Relation to 
Other Fields 


For a long time sclence was more or less a united whole known as natural 
philosophy. Not until a century or two ago dịd the distinctions between physics 
and chemistry and even the life sclences become prominent. Indeed, the sharp 
distinction we now see between the arts and the sciences 1s Itself only a few 
cenfuries old. It is no wonder then that the development of physics has both 
influenced and been influenced by other ñields. For example, the notebooks 
(Eig. 1-3) of Leonardo da Vinci, the great Renaissance artist, researcher, and 
engineer, contain the first references to the forces acting within a sfructure, a 
subJect we consider as physics today; but then, as now, 1t has great relevance to 
architecture and building. 

Early work mm electricity that led to the discovery of the electric battery and 
electric current was done by an eighteenth-century physiologist, Langi Galvani 
(1737-1798). He noticed the twitching of frogs' legs In response to an electric spark 
and later that the muscles twitched when im contact with two dissimiar metals 
(Chapter 18). At ñrst this phenomenon was known as “animal electricrty,” but 1t 
shortly became clear that electric current 1tself could exist in the absence of an animal. 

Physics 1s used in many fields. A zoologIst, for example, may find physics useful 
in understanding how prairie dogs and other animals can live underground without 
suffocating. A physical therapist wIll be more effective 1ƒ aware of the principles 
OŸ center of gravity and the action of forces within the human body. A know- 
ledge of the operating principles of optical and electronic equipment 1s helpful in a 
variety of fields. Life sclentists and architects alike will be interested in the nature 
of heat loss and gain in human beings and the resultng comfort or discomfort. 
Architec(s may have to calculate the dimensions of the pipes in a heating system 
or the forces 1nvolved In a given structure to determine 1 it will remain standing 
(Hig. 1-4). They must know physIcs principles in order to make realistic designs 
and to communicate effectively with engineering consultanfts and other specialists. 


FIGURE 1-4 (a) This bridge over the River Tiber in Rome was built 2000 years ago and still stands. 
(b) The 2007 collapse of a Mississippi River highway bridge built only 40 years before. 
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From the aesthetic or psychological point of view, too, architects must be 
aware of the forces Involved 1n a structure——for example Instability, even 1f only 
1llusory, can be discomforting to those who must live or work 1n the structure. 

The list of ways in which physics relates to other fields 1s extensive. In the 
Chapters that follow we wIll discuss many such applications as we carry out Our 
primcIpal am of explaining basic physics. 


I—3 Models, Theories, and Laws 


'When scIentists are trying to understand a particular set of phenomena, they offen 
make use of a model. A model, in the sclentiic sense, 1s a kind of analogy or 
mental image of the phenomena 1n terms of something else we are already familiar 
with. One example is the wave model of lipght. We cannot see waves of lipht as we 
can water waves. But 1t is valuable to think of lght as made up of waves, because 
experiments Indicate that light behaves In many respecfs as water waves do. 

The purpose of a model 1s to gIve us an approximate mental or visual 
plcture—something to hold on to—when we cannot see what actually 1s 
happeming. Models often give us a deeper understanding: the analogy to a known 
system (for Instance, the water waves above) can suppest new experimenfs to 
perform and can provide 1deas about what other related phenomena might 
OCCLT. 

You may wonder what the difference 1s between a theory and a model. 
Usually a model 1s relatively simple and provides a structural similarity to the 
phenomena being studied. A theory 1s broader, more detailed, and can give 
quanfitatively testable predictions, offten with øreat precision. Ït 1s Important, how- 
ever, nof fo confuse a model or a theory with the real system or the phenomena 
themselves. 

Sclentists have given the title law to certain concise but general statements 
about how nature behaves (that electric charge Is conserved, for example). 
Often the statement takes the form of a relationship or equatlon between 
quantities (such as Newton”s second law, Ƒ = ma). 

Statements that we call laws are usually experimentally valid over a wide 
range of observed phenomena. For less general statements, the term principle 
1s often used (such as Archimedes' principle). We use “theory” for a more 
general picture of the phenomena dealt with. 

Scientiũc laws are different from political laws In that the latter are prescri?- 
fiue: they tell us how we ought to behave. Sclentific laws are đescripfiue: they do 
not say how nature shøuldl behave, but rather are meant to describe how nature 
does behave. As with theorles, laws cannot be tested in the Infinite varlety of 
cases possible. So we cannot be sure that any law 1s absolutely true. We use the 
term “law” when 1ts validity has been tested over a wide range of cases, and 
when any limitations and the range of validity are clearly understood. 

Scientists normally do their research as 1Ÿ the accepted laws and theorles 
were true. But they are obliged to keep an open mind In case new Information 
should alter the validity of any given law or theory. 


1-4 Measurement and Uncertainty; 
Significant Figures 


In the quest to understand the world around us, sclenfists seek to find relation- 
ships among physical quantities that can be measured. 


ncertainty 
Reliable measurements are an Important part of physics. But no measurement 1s 
absolutely precise. There 1s an uncertainty associated with every measuremernt. 
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FIGURE 1-5 Measuring the width 
of a board with a centimeter ruler. 
Accuracy 1s about + 1 mm. 


Among the most Imporfant sources of uncertainty, other than blunders, are the 
limited accuracy of every measuring ins(rument and the Inability to read an 
instrument beyond some fraction of the smallest division shown. For example, 
1Ý you Were fo use a centimeter ruler to measure the width of a board (Hig. 1—5), 
the result could be claimed to be precise to about 0.1 em (1 mm), the smallest 
division on the ruler, although half of this value might be a valid claim as well. 
The reason 1s that it is difficult for the observer to estimate (or “interpolate”) 
between the smallest divisions. Furthermore, the ruler 1tself may not have been 
manufactured to an accuracy very much better than this. 

When giving the result of a measurement, it is important to state the 
esfimafed uncertainfy in the measurement. For example, the width of a board 
might be written as 8.8 + 0.1cm. The + 0.1 em (“plus or minus 0.1 cm”) repre- 
senfs the estimated uncertainty in the measurement, so that the actual width 
most likely lies between 8.7 and 8.9 cm. The percent uncertainty 1s the ratio of 
the uncertainty to the measured value, multiplied by 100. For example, 1ƒ the 
1neasurement 1s 8.8 cm and the uncertainty about 0.1 cm, the percent uncertainty 1s 

sẽ x 100% + 1%, 
where % means “1s approximately equal to.” 

Often the uncertainty in a measured value 1s not specified explicitly. In such 

cases, the 


uncerfainfy in a numerical value is assumed to be øne ør a ƒeu uniis in the 
last digit speciied. 


For example, If a length 1s given as 8.8 cm, the uncertainty 1s assumed to be 
about 0.1 cm or 0.2 cm. It 1s important in this case that you do not write 8.80 cm, 
because this Iimplies an uncertainty on the order of 0.01 em; 1t assumes that the 
length 1s probably between 8.79 cm and 8.81 cm, when actually you believe 1t 1s 
between 8.7 and 8.9 em. 


Is the diamond yours? A friend asks to 
borrow your precious diamond for a day to show her family. You are a bit 
worried, so you carefully have your diamond weighed on a scale which reads 
8.17 grams. The scale's accuracy 1s claimed to be + 0.05 gram. The next day you 
weigh the returned diamond again, getting 8.09 grams. Is this your diamond? 


RESPONSE The scale readings are measurements and are not perfect. They 
do not necessarily g1ive the “true” value of the mass. Each measurement could 
have been hiph or low by up to 0.05 gram or so. The actual mass of your 
diamond lies most likely between 8.12 grams and 8.22 grams. The actual mass 
of the returned diamond 1s most likely between 8.04 grams and 8.14 prams. 
These two ranges overlap, so the data do not give you a strong reason fo 
doubt that the returned diamond 1s yOurs. 


Significant Figures 


The number of reliably known digits in a number 1s called the number of 
significant figures. Thus there are four significant figures in the number 23.21 cm 
and two ¡in the number 0.062 em (the zeros in the latter are merely place holders 
that show where the decimal point goes). The number o sipmificant figures may not 
always be clear. Take, for example, the number 80. Are there one or twO sIpnIfi- 
cant figures? We need words here: IÝ we say 1t 1s roughy 80 km between two 
cies, there is only one sipnificant figure (the 8) since the zero 1s merely a place 
holder. If there is no suggestion that the 80 is a rough approximation, then we 
can offen assume (as we wIll im this book) that it is 80 km within an accuracy of 
about 1 or 2km, and then the 80 has two significant figures. lỶ it 1s precisely 
80 km, to within + 0.1 km, then we write 80.0 km (three significant figures$). 
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'When making measurements, or when doIng calculations, you should avoid 
the temptation to keep more digits 1n the fnal answer than 1s Justiied: see boldface 
Sfatement on previous paøe. For example, to calculate the area of a rectangle 11.3 cm 
by 6.8 cm, the result of multiplication would be 76.84 cm”. But this answer can not 
be accurate to the implied 0.01 cm” uncertainty, because (using the outer limits 
of the assumed uncertainty for each measurement) the result could be between 
11.2cm X 6.7em = 75.04cm” and 11.4cm x 6.9 cm = 78.66 cm”. At best, we can 
quote the answer as 77cm”, which implies an uncertainty of about 1 or 2cm”. 
The other two digits (in the number 76.84cm”) must be dropped (rounded off) 
because they are not significant. As a rough general rule we can say that 


the [inal result oƒa multiplicaton or diuision should haue no more digits than 
the numerical 0alue tuith the ƒeuest sigmificamt figures. 


In our example, 6.8 cm has the least number o sigmificant figures, namely two. Thus 
the result 76.84 cm” needs to be rounded off to 77 cm”. 


EXERCISE A The area of a rectangle 4.5 cm by 3.25 cm is correctly given by (2) 14.625 cm”; 
(b) 14.63 cm”; (c) 14.6 em”; (đ) 15 cmẺ. 

'When adding or subtracting numbers, the final result should contain no more 
decImal places than the number with the fewest decimal places. For example, the 
result of subtracting 0.57 from 3.6 is 3.0 (not 3.03). Similarly 36 + 8.2 = 44, not 44.2. 

Be careful not to confuse sipmificant figures with the number of decimmal places. 


EXERCISEB For each of the followineg numbers, state the number of sipnificant 
figures and the number of decimal places: (ø) 1.23; (b) 0.123; (c) 0.0123. 


Keep mm mind when you use a calculator that all the digits 1t produces may 
not be sipnificant. When you divide 2.0 by 3.0, the proper answer 1s 0.67, and 
not 0.666666666 as calculators give (Eig. l-6a). Digits should not be quoted in a 
result unless they are truly sigmificant figures. However, to obtain the most 
accurate result, you should normally keep one or more extra significamt [igures 
throughout a calculation, and round öƒƒ only im the final resuli. (WInth a calcu- 
lator, you can keep all 1s digits In ¡intermediate results) Note also that 
calculators sometimes gIve too few signifiicant figures. For example, when you 
multiply 2.5 < 3.2, a calculator may give the answer as simply 8. But the ansWer 1s 
accurafe to two significant ñigures, so the proper answer 1s 8.0. See EFig. 1—6b. 


Significant figures. Using a protractor 
(Fig. l-7), you measure an angle to be 30”. (z) How many significant fipgures 
should you quote in this measurement? (b) Use a calculator to find the cosine 
Of the angle you measured. 


RESPONSE (2) If you look at a protractor, you will see that the precision 
with which you can measure an angle is about one degree (certainly not 0.1°). 
So you can quofe two sipnificant figures, namely 30° (not 30.05). (5) If you 
enter cos 30” In your calculator, you wlll get a number like 0.866025403. 
But the angle you entered 1s known only to two sipmificant fipgures, so 1s cosine 
1S cOrrectly øgIven by 0.87; you must round your answer to two significant figures. 


NOTE Trigonometric functions, like cosine, are reviewed mm Chapter 3 and Appendchix A. 


Scientific Notation 


We commonly write numbers 1n “powers o ten,” or “sclentific” notation——or 
instance 36,900 as 3.69 x 10!, or 0.0021 as 2.1 x 10. One advantage of 
scientifc notation (reviewed in Appendix A) ¡s that it allows the number of 
sigmificant figures to be clearly expressed. For example, 1t 1s not clear whether 
36,900 has three, four, or five sipmificant figures. With powers of 10 notation 
the ambiguity can be avoided: 1f the number 1s known to three sipmificant 
figures, we write 3.69 x 10', but if it is known to four, we write 3.690 < 10!. 


EXERCISEC€_ Write each of the following in scientific notation and state the number of 
sienificant figures for each: (z) 0.0258; (5) 42,300; (c) 344.50. 


(b) 
FIGURE 1-6 These two calculations 
show the wrong number of sipnificant 
figures. In (a), 2.0 was divided by 3.0. 
The correct final result would be 
0.67. In (b), 2.5 was multiplied by 3.2. 
The correct result 1s 8.0. 


PROBLEM SOLVING 
Report only the proper number öoŸ 
Significant figures Im the final result. Buft 
keep extra digits during the calculalion 


FIGURE 1-7 Example 1-2. 
A protractor used to measure an 
angle. 
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* Percent LIncertainty vs. Significant Figures 


The significant figures rule 1s only approximate, and in some cases may under- 
estimate the accuracy (or uncertainty) of the answer. Suppose for example we 
divide 97 by 92: 

97 

9 1.05 + 1.1. 
Both 97 and 92 have two sipnificant figures, so the rule says to g1ve the answer 
as 1.1. Yet the numbers 97 and 92 both imply an uncertainty of + 1 1ƒ no other 
uncertainty 1s stated. Both 92 +1 and 97 +1 imply an uncertainty of 
about 1% (1/92 + 0.01 = 1%). But the final result to two sipnificant figures 
1s 1.1, with an implied uncertainty of + 0.1, which is an uncertainty of about 10% 
(0.1/1.1 ~ 0.1 10%). Itis better in this case to give the answer as 1.05 (which 
1s three significant fipgures). Why? Because 1.05 implies an uncertainty of + 0.01 
which ¡is 0.01/1.05 + 0.01 ~ 1%, just like the uncertainty ¡in the original 
numbers 92 and 97. 

SUGGESTION: Use the significant fipures rule, but consider the % uncertainty 

too, and add an extra digIt 1Ÿ 1t g1Ives a more realistic estimate of uncertainty. 


Approximafions 


Much of physics Involves approximations, often because we do not have the 
means to solve a problem precisely. For example, we may choose to 1ønore alr 
resistance or friction 1n doïng a Problem even though they are present In the 
real world, and then our calculation 1s only an approximation. In doïng Problems, 
we should be aware of what approximatlons we are making, and be aware 
that the precision of our answer may not be nearly as good as the number of 
sipmificant figures g1ven 1n the result. 


Accuracy vs. Precision 


There 1s a technical difference between “precision” and “accuracy.” Precision in 
a stricf sense refers to the repeatability of the measurement using a ø1ven Instru- 
ment. For example, If you measure the width of a board many times, getting 
results like 8.81 cm, 8.85 cm, 8.78 cm, 8.82 cm (mterpolating between the 0.1 cm 
marks as best as possible each time), you could say the measurements gIve a 
precision a bit better than 0.1cm. Accuracy refers to how close a measurement 
1S fo the true value. For example, 1f the ruler shown In Fig. 1—5 was manufac- 
tured with a 2% error, the accuracy of I(s measurement of the board's width 
(about 8.8cm) would be about 2% of 88cm or about +0.2cm. Estimated 
uncertainty 1s meant to take both accuracy and precision 1nto account. 


1—5 Units, Standards, and 
the SI System 


The measurement oŸ any quantity 1s made relative to a particular standard or unit, 
and this unit must be specified along with the numerical value of the quantIty. 
For example, we can measure length 1n British units such as Inches, 
feet, or miles, or In the metric system 1n centimeters, mefers, or kilometers. To 
specIfy that the length of a particular obJect 1s 18.6 1s insufficlent. The unit 
musí be given, because 18.6meters 1s very different from 18.6inches or 
18.6 millimeters. 

For any unit we use, such as the meter for distance or the second for time, 
we necd to define a séandard which defines exactly how long one meter or one 
second 1s. It 1s Important that standards be chosen that are readily reproducible 
so that anyone needing to make a very accurate measurement can refer to the 
standard 1n the laboratory and communicate with other people. 
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Length 

The first truly International standard was the mefer (abbreviated m) established 
as the standard of length by the French Academy of Sciences 1n the 1790s. The 
standard meter was originally chosen to be one ten-millionth of the distance 
from the Earth's equator to either pole,” and a platinum rod to represent this 
length was made. (One meter 1s, very roughly, the distance from the tip of your 
nose to the tip of your finger, with arm and hand stretched out horizontally.) In 
1889, the meter was defined more precisely as the distance between two finely 
engraved marks on a particular bar of platinum-rridium alloy. In 1960, to 
provide even greater precision and reproducibility, the meter was redefined as 
1,650,763.73 wavelengths of a particular orange light emitted by the gas 
krypton-86. In 1983 the meter was again redefined, this time In terms of the 
speed of light (whose best measured value in terms of the older definition of the 
meter was 299,792,458 m/s, with an uncertainty of 1 m/s). The new defñnition 
reads: “The meter 1s the length of path traveled by light in vacuum during a 
time interval of 1/299,792,458 of a second.”? 

British units of length (¡ínch, foot, mile) are now defined In terms of the 
meter. The inch (ïn.) is defned as exactly 2.54 centimeters (cm; 1cm = 0.01m). 
Other conversion factors are given 1n the Table on the inside of the front cover 
of this book. Table 1—1 presents some typIcal lengths, from very small to very 
large, rounded off to the nearest power of 10. See also Eig. 1—8. [Note that the 
abbreviation for inches (n.) is the only one with a period, to distinguish it from 
the word “in”.] 


Time 

The standard unit of fỉme is the second (s). For many years, the second was 
defined as 1/86,400 of a mean solar day (24h/day x 60 min/h x 60s/min = 
86,400 s/day). The standard second ¡is now defined more precisely in terms of 
the frequency of radiation emitted by cesium atoms when they pass between 
two particular states. [Specifically, one second ¡s defined as the time required 
for 9,192,631,770 oscillations of this radiation.| There are, by definition, 60 s in 
one minute (min) and 60 minutes in one hour (h). Table 1—2 presents a range of 
measured time Intervals, rounded off to the nearest power of 10. 


?Modern measuremen(s of the Earth's circumference reveal that the intended length is off by about 
one-fiftieth of 1%. Not badl 


ŸThe new definition of the meter has the effect of giving the speed of light the exact value of 
299,792,458 m/s. 


TABLE 1-1 Some Typical Lengths or Distances 
(order of magnitude) 


FIGURE 1-8 Some lengths: 

(a) viruses (about 10””m long) 
attacking a cell; (b) Mt. Everest's 
height is on the order of 10m 

(8850m above sea level, to be precise). 


(b) 


TABLE 1-2 Some'Typical Time Intervals 
(order of magnitude) 


Length (or Distance) Meters (approximate) Time Interval Seconds (approximate) 
Neutron or proton (diameter) 10” *im Lifetime of very unstable 

Atom (diameter) 101m subatomic particle 10723s 

Virus [see Fig. 1-8a] 107m Lifetime of radioactive elements 10722s to 108s 
Sheet of paper (thickness) 104 m Lifetime oŸ muon 102 s 

Einger width 1027 m Time between human heartbeats 100 s(= 1s) 
Football field length 10 m One day 10) s 

Height of Mt. Everest [see Fig. 1-8b] 10? m One year 3x10” s 

Earth diameter 10 m Human life span 2x10? s 

Earth to Sun 10! m Length of recorded history 101 .s 

Earth to nearest star 10! _m Humans on Earth 10 s 

Earth to nearest galaxy 102 m Age of Earth 107 s 

Earth to farthest galaxy visible 10 m Age of Ủniverse 4x10” s 
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TABLE 1-3 Some Masses 


Kilograms 
Object (approximate) 
Electron 100 kg 
Proton, neutron 10”? kg 
DNA molecule 10” kg 
Bacterium 10 kg 
MosquIto 10 kg 
Plum 10 kg 
Human 102 kg 
Ship 10 kg 
Earth 6 x 10! kg 
Sun 2x10 kg 
Galaxy 10! kg 


TABLE 1-4 Metric (SI) Prefixes 
Prefñx Abbreviation  Value 


Tà PROBLEM SOLVING 
Ahiuays uIse a consistenf set Oƒ HHÌ1s 


yotta 
zetta 
exa 
peta 
tera 
giợa 
mega 
kio 
hecto 
deka 
deci 
centI 
milli 
microÏ 
nano 
pICO 
femto 
atto 
Zzepto 
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yoctO 


Tư is the Greek letter “mu.” 


10 
102 
1018 
1015 
101 
102 


Mass 


The standard unit of mass 1s the kilogram (kg). The standard mass 1s a partic- 
ular platinum-iridium cylinder, kept at the International Bureau of Weights 
and Measures near Paris, France, whose mass 1s defined as exactly 1 kg. A range 
Of masses 1s presented ¡in Table 1-3. [For practical purposes, 1 kg weighs about 
2.2 pounds on Earth.] 

When dealing with atoms and molecules, we usually use the unified atomic 
mass unif (u or amu). In terms of the kilogram, 


1u = 1.6605 x 10 ”kẹg. 
The definiions of other standard unifs for other quantifies wIll be gø1ven as 


we encounter them ¡n later Chapters. (Precise values of this and other useful 
numbers are ø1ven inside the front cover.) 


Unit Prefixes 


In the metric system, the larger and smaller units are defined 1n multiples of 10 
from the standard um, and this makes calculaton particularly easy. Thus 
1 kilometer (km) is 1000 m, 1 centimeter is rạy m, 1 millimeter (mm) is rang m or 1p cm, 
and so on. The prefixes “centi-,” “kilo-,” and others are listed in Table 1-4 and 
can be applied not only to units of length but to unifs of volume, mass, or any 
other unit. For example, a centiliter (eL) is rap liter (L), and a kilogram (kg) is 
1000 grams (g). An §.2-megapixel camera has a detector with 8,200,000 pixels 
(individual “picture elements”). 
In common usage, 1m (= 10 “m) ¡s called 1 micron. 


Systems of UInits 


'When dealing with the laws and equations of physIcs 1t 1s very Important to use a 
consistenf set of units. Several systems of units have been In use over the years. 
Today the most important is the Système Infernafional (French for International 
System), which 1s abbreviated SÌI. In SI units, the standard of length 1s the meter, 
the standard for time 1s the second, and the standard for mass 1s the kilogram. 
This system used to be called the MKS (meter-kilogram-second) system. 

A second metric sys(em 1s the cgs syséem, in which the centimeter, gram, and 
second are the standard ums of length, mass, and time, as abbreviated In the title. 
The British engineering syséem (although more used m the U.S. than Britamn) has 
as 1s standards the foot for length, the pound for force, and the second for time. 

W© use SĨ units almost exclusively 1n this book. 


*Base vs. Derived Quantities 


Physical quantiies can be divided Into two categorles: Pase quamiies and 
deribed quanrifies. The corresponding unifs for these quantifies are called base 
unifs and deriued unifs. A base quantify must be defined 1n terms of a standard. 
Scientists, in the Interest of simplicity, want the smallest number of base quanti- 
ties possible consistent with a full description of the physical world. Thịs 
number turns out to be seven, and those used In the SĨ are given in Table 1—5. 


TABLE 1-5 SỈ Base Quantities and Units 


Quantity Unit Unit Abbreviation 
Length meter m 

Time second S 

Mass kilogram kg 

Electric current ampere A 
Temperature kelvin K 

Amount of substance mole mol 
Luminous Intensity candela cd 
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All other quantities can be defined in terms of these seven base quantities,” and 
hence are referred to as deriyed quanfifies. An example of a derived quantIty 1s 
specd, which 1s defined as distance divided by the time 1t takes to travel that 
distance. A Table inside the front cover lists many derived quantifies and their 
units in terms of base unifs. To defne any quantity, whether base or derived, 
we can specIfy a rule or procedure, and this 1s called an operational definition. 


1-6 Converting Units 


Any quantity we measure, such as a length, a speed, or an electric current, 
consists of a number anđ a unit. Offten we are given a quanfity in one set Of 
units, but we want 1t expressed In another set of units. For example, suppose we 
measure that a shelf 1s 21.5Inches wide, and we want to express this In centI- 
meters. We must use a conversion factor, which in this case 1s, by đefiifion, exactÌy 


lin. = 2.54cm 
Or, Wriften another way, 

1 = 2.51cm/in. 
Since multiplying by the number one does not change anything, the width of our 
shelf, In cm, 1s 


21.5inches = (21.5ïa.) x [s54 m) = 54.6cm. 

TR.. 
Note how the units (inches im this case) cancelled out (thin red lines). A Table 
confaining many unit conversions 1s found inside the front cover of this book. 
Lets consider some Examples. 


The 8000-m peaks. There are only 14 peaks whose sum- 
mifs are over 8000m above sea level. They are the tallest peaks 1n the 
world (Fig. 1-9 and Table 1-6) and are referred to as “eight-thousanders.” 
'What 1s the elevation, In feet, of an elevation of 8000 m? 


APPROACH We need to convert meters to feet, and we can start with the 
conversion factor 11n. = 2.54cm, which 1s exact. That 1s, 1in. = 2.5400cm 
to any number of significant figures, because 1t 1s đefined to be. 


SOLUTION One foot is 12in., so we can write 


lft = (02in.)|254 m) = 30.48em = 0.43048m, 


which 1s exact. Note how the units cancel (colored slashes). We can rewrite 
this equation to find the number of feet in 1 meter: 
lft 
0.3048 
(We could carry the result to 6 sipgnificant figures because 0.3048 1s exact, 
0.304800....) We multiply this equation by 8000.0 (to have five significant figures): 


im = = 3.28064ft. 


Ít 
8000.0m =  (8000.0*m.) [32a0si mi = 26,247. 


An elevation of 8000 m 1s 26,247 ft above sea level. 


NOTE We could have done the conversion all in one line: 


100 em\( 1†8. \( 1t 
8000.0 = 262471t. 
mỊ| 1. l>yJ(s_] sử 


The key ¡s to multiply conversion facfors, each equal to one (= 1.0000), and 
to make sure which unifs cancel. 


800U.0m = 


TSome exceptions are for angle (radians—see Chapter 8), solid angle (steradian), and sound level 
(bel or decibel, Chapter 12). No general agreement has been reached as to whether these are base 
or derived quantities. 


FIGURE 1-9 The world”s second 
hiphest peak, K2, whose summIt Is 
considered the most đifficult of the 
“8000-ers.” K2 is seen here from the 
south (Pakistan). Example 1-3. 


đÒpHvysics APPLIED 


The tuorld% tallest peaks 


TABLE 1-6 The 8000-m Peaks 


Peak Height (m) 
Mt. Everest 8850 
K2 8611 
Kangchenjunga S586 
Lhotse S516 
Makalu 8462 
Cho Oyu 8201 
Dhaulagiri S167 
Manaslu 8156 
Nanga Parbat 8125 
Annapurna 8091 
Gasherbrum I 8068 
Broad Peak 8047 
Gasherbrum II 8035 
Shisha Pangma 8013 
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EXAMPLE 1-4| Apartment area. You have seen a nice apartment whose 
floor area is 880 square feet (ft?). What is is area in square meters? 


APPROACH We use the same conversion factor, 1in. = 2.54cm, but this time 
we have to use 1t twice. 


SOLUTION Because 1in. = 2.54cm = 0.0254m, then 
1fỨ = (12¡in.)(0.0254m/in.)* = 0.0929 m. 


So 
880f = (880f)(0.0929m”/f) + 82m. 


NOTE As a rule of thumb, an area given in ft? is roughly 10 times the number 
of square meters (more precisely, about 10.8%). 


EXAMPLE 1-5! Speeds. Where the posted speed limit is 5Š miles per hour 
(mi/h or mph), what is this speed (2) in meters per second (m/s) and (b) ¡in 
kilometers per hour (km/h)? 


APPROACH We again use the conversion factor 1in. = 254cm, and we 
recall that there are 5280 ft in a mile and 12 inches 1n a foot; also, one hour 
contains (60 min/h) Xx (60s/min) = 3600 s/h. 

SOLUTION (a) We can write 1 mile as 


c=(»E)l=#) l8] 


TRm.. /\ 100'cm. 


1mi 


= 1609mm. 


W© also know that 1 hour contains 3600 s, so 


mi mỉ. mÌÀ( 1 
Sàn (5E án ml) 


where we rounded off to two sipmificant fñigures. 
(b) Now we use 1 mi = 1609m = 1.609 km; then 


SE U = (5s TP) [Lớn Hộ 
h m1. 


jỂpnosLeM SOLVING 
Conuersion ƒactors = T 


NOTE Each conversion factor 1s equal to one. You can look up mosf conver- 
sion factors In the Table Inside the front cover. 


EXERCISE D Return to the first Chapter-Opening Ouestion, page 1, and answer It 
agaIn now. Try to explain why you may have answered differently the first time. 


EXERCISE E Would a driver traveling at 15 m/s in a 35 mi/h zone be exceeding the 
speecd limit? Why or why not? 


# PROBLEM SOLVING When changing units, you can avoid making an error In the use OŸ conver- 
Unit conuersion is trong ¡ƒ  sion factors by checking that units cancel out properly. For example, In our 
tưiifs do ñnof ca"c€Ï  conversion of 1 mi to 1609 m in Example 1—5(2), if we had incorrectly used the 

factor (“T£") instead of (pm). the centimeter units would not have cancelled 


out; we would not have ended up with meters. 
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1-27 Order of Magnitude: 
Rapid Estimating 


We are sometimes Interested only in an approximafe value for a quantity. Thịs 
mipht be because an accurate calculation would take more time than it 1s worth 
or would requrre additional data that are not available. In other cases, we may 
want to make a rouph estimate In order to check a calculation made on a calcu- 
lator, to make sure that no blunders were made when the numbers were entered. 

A rouph estimate can be made by rounding off all numbers to one significant # PROBLEM SOLVING 
figure and 1s power of 10, and after the calculation 1s made, again keeping onÌy  /7ø:0o +ake a rough estnate 
one significant fñigure. Such an estimate 1s called an order-of-magnitude esfimafe 
and can be accurate withim a factor of 10, and often better. In fact, the phrase 
“order of magnitude” 1s sometimes used to refer simply to the power of 10. 

Let's do some Examples. 


FIGURE 1-10 Example 1-6. (a) How much water 1s in this 
lake? (Photo 1s one of the Rae Lakes in the Sierra Nevada 

of California.) (b) Model of the lake as a cylinder. [We could 
øo one step further and estimate the mass or weight of this 
lake. We will see later that water has a density of 1000 kg/mổ, 
so this lake has a mass of about (10 kg/m?(10 mỶ) ~ 1019 kg, 
which 1s about 10 billion kg or 10 million metric tons. 

(A metric ton 1s 1000 kg, about 2200]b, slightly larger than a 
British ton, 2000 Tb.)] 


EXAMPLE 1-6 ' ESTIMATE | Volume of a lake. Estimate how much water 
there 1s in a particular lake, Fig. 1—-10a, which 1s roughly circular, about 1 km 
across, and you guess 1t has an average depth of about 10 m. 


APPROACH No lake is a perfect circle, nor can lakes be expected to have a 

perfectly flat bottom. We are only estimating here. To estimate the volume, 

we can use a simple model of the lake as a cylinder: we multiply the average 

depth of the lake times 1ts roughly circular surface area, as 1ƒ the lake were a 

cylinder (Eig. 1—10b). 

SOLUTION The volume V of a cylinder is the product of 1ts heipht  times @® PHYSICS APPLIED 

the area of its base: ƒ = #zrr”, where z is the radius of the circular base.' The Estimating the 0olume (or mass) 0ƒ 
radius ris 3km = 500m, so the volume is approximately a lake; see also Fìg. I—10 


W = bar? s (10m) X (3) x (5 x 10m)” + 8 x 105 mẺ z 10 mẻ, 


where zøz was rounded off to 3. So the volume is on the order of 10m, 
ten million cubic meters. Because of all the estimates that went into this 
calculation, the order-of-magnitude estimate (10m?) is probably better to 
quote than the 8 x 10°mỶ figure. 


NOTE To express our result in U.S. gallons, we see In the Table on the inside 
front cover that 1liter = 103mẺ ¿gallon. Hence, the lake contains 
(8 x 105 m”)(1 gallon/4 x 10 3mỶ) ~ 2 x 10”gallons of water. 


TFormulas like this for volume, area, etc., are found inside the back cover of this book. 
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EXAMPLE 1-7 | ESTIMATE | Thickness of a sheet of paper. Estimate the 
thickness of a page of this book. 


APPROACH At fñirst you mipht think that a speclal measuring device, a 
micrometer (Eig. 1-11), ¡s needed to measure the thickness oŸ one page since 
an ordinary ruler can not be read so finely. But we can use a trick or, fo put 1t in 
physlcs terms, make use oŸ a sy#nefry: we can make the reasonable assump- 
tion that all the pages of this book are equal in thickness. 


SOLUTION_ We can use a ruler to measure hundreds of pages at once. If you 
measure the thickness of the first 500 pages of this book (page 1 to page 500), 
you might get something like 1.5 cm. Note that 500 numbered pages, counted 
front and back, 1s 250 separate pleces of paper. So one sheet must have a 
thickness of about 


1.5cem 
250 sheets 


+ 6x 10cm = 6x 10”mm, 


FIGURE 1-11 Example 1-7. 
Micrometer used for measuring 
small thicknesses. 


or less than a tenth of a millimeter (0.1 mm). 


FIGURE 1-12 Example 1-8. It cannot be emphasized enough how Important 1t 1s to draw a điapram 


Diagrams are really useful! when solving a physlcs Problem, as the next Example shows. 


EXAMPLE 1-8 | ESTIMATE | Height by triangulation. Estimate the height 
of the building shown In Eig. 1—12, by “triangulation,” with the help of a bus-stop 
pole and a friend. 


APPROACH By standing your friend next to the pole, you estimate the height 
of the pole to be 3m. You next step away from the pole until the top of the 
pole 1s im line with the top of the building, Eig. 1—12a. You are Š ft 61n. tall, so 
your eyes are about 1.5m above the ground. Your friend 1s taller, and when 
she stretches out her arms, one hand touches you, and the other touches the 
pole, so you estimate that distance as 2m (Fig. 1—-12a). You then pace off the 
distance from the pole to the base of the building with bịg, 1-m-long steps, and 
you get a total of 16 steps or 16 m. 


SOLUTION Now you draw, to scale, the diagram shown In Eig. 1-12b using 
these measurements. You can measure, right on the diagram, the last side of 
the triangle to be about x = 13m. Alternatively, you can use similar triangles 
to obtain the height x: 


1.5m * 


2m 18m. 


SƠ 


FIGURE 1-13 Enrico Fermi. Fermi 
contributed significantly to both 
theoretical and experimental physics, 
a feat almost unique in modern times. 


Finally you add In your eye height of 1.5m above the ground to get your final 
result: the building 1s about 15 m tall. 


Another approach, this one made famous by Enrico Fermi (1901-1954, 
Fig. 1-13), was to show his students how to estimate the number of piano tuners in 
a city, say, Chicago or San Francisco. To get a rough order-of-magnitude estimate 
Of the number o piano tuners today in San Erancisco, a city of about 800,000 
inhabitanfs, we can procecd by estimating the number of functioning pianos, 
ị how often each piano 1s tuned, and how many pianos each tuner can tune. To 
| estimate the number of pianos in San Francisco, we note that certainly not 

ề everyone has a piano. A guess of 1 family in 3 having a piano would corre- 
Â> SP spond (o 1 piano per 12 persons, assuming an average family of 4 persons. 
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As an order of magnitude, lets say 1 piano per 10 people. This 1s certainly # PROBLEM SOLVING 
more reasonable than 1 per 100 people, or 1 per every person, so letS  /9tng lot0 4ÿ piano tHers 
proceed with the estimate that 1 person ¡in 10 has a piano, or about  //€4reiraeiy 

80,000 pianos in San Francisco. Now a piano tuner needs an hour or fWO to 

tune a piano. So let's estimate that a tuner can tune 4 or 5 pianos a day. A piano 

oupht to be tuned every 6months or a year—lets say once each year. 

A piano tuner tuning 4 pianos a day, 5 days a week, 50 weeks a year can tune about 

1000 pianos a year. So San Francisco, with is (very) rouphly 80,000 pianos, 

needs about 80 piano tuners. This is, of course, only a rough estimate. It tells 

us that there must be many more than 10 piano tuners, and surely not as many 

as 1000. 


A Harder Example—But Powerful 


Estimating the radius of Earth. Believe it or 
nof, you can estimate the radius of the Earth without having to øo 1nfo space 
(see the photograph on page 1). If you have ever been on the shore of a large 
lake, you may have noticed that you cannot see the beaches, plers, or rocks at 
water level across the lake on the opposite shore. The lake seems to bulge out 
between you and the opposite shore—a good clue that the Earth 1s round. 
Suppose you climb a stepladder and discover that when your eyes are 10 ft (3.0 m) 
above the water, you can Just see the rocks at water level on the opposite shore. 
From a map, you estimate the distance to the opposite shore as đ + 6.1 km. se 
Hig. 1-14 with h = 3.0m to estimate the radius ® of the Earth. 


APPROACH We use simple geometry, including the theorem of Pythagoras, 


cẪẰ=a?+ b, 


Center \ 
where c 1s the length of the hypotenuse of any ripht triangle, and ø and b are of Earth 


the lengths of the other two sides. FIGURE 1-14 Example 1-9, but 


SOLUTION For the right triangle of Eig. 1-14, the two sides are the radius of not to scale. You can just barely see 
the Earth # and the distance đ = 6.1 km = 6100m. The hypotenuse is approx-  rocks at water level on the opposite 


imately the length ® + h, where  = 3.0m. By the Pythagorean theorem, shore of a lake 6.1 km wide if you 
stand on a stepladder. 


Rˆ+d 


è 


(R + Hn 
Rˆ + 2hR + ]ử. 


là 


We solve algebraically for Ñ, after cancelling K? on both sides: 
d2 — h# (6100m)Z — (3.0m) 
2h — 6.0m 
6.2 x 105m 
6200 km. 


R z= 


NOTE Precise measurements give 6380km. But look at your achievementl 
With a few simple rough measurements and sinple geometry, you made a 
good estimate of the Earth”s radius. You did not need to øo out In space, nor 
did you need a very long measuring tape. 


EXERCISE F Return to the second Chapter-Opening Question, page 1, and answer It 
agaIn now. Try to explain why you may have answered differently the first time. 


TA check of the San Francisco Yellow Pages (done after this calculation) reveals about 60 listings. 
Each of these listings may employ more than one tuner, but on the other hand, each may also do 
repairs as well as tuning. In any case, our estimate 1s reasonable. 


SECTION 1-7 Order of Magnitude: Rapid Estimating T5 
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*1—8 Dimensions and 


Dimensional Analysis 


When we speak of the đimensions of a quantity, we are referring to the type of 
base unifs or base quantites that make 1t up. The dimensions of area, Íor 
example, are always length squared, abbreviated llồi š using square brackets; 
the units can be square meters, square feet, cm”, and so on. Velocity, on the 
other hand, can be measured in units of km/h, m/s, or mi/h, but the đimen- 
sions are always a length [L] divided by a time [7]: that is, [L/7]. 

The formula for a quantity may be different In different cases, but the dimen- 
SIOnS TomilTH the same. For example, the area of a triangle of bi b and heipht h 
is A = ;bh, whereas the area of a circle of radius ris 4 = zrr?. The formulas 
are die ronif 1 1n the fwo cases, but the dimensions 0Ÿ area are always [FT 

Dimensions can be used as a help in working out relationships, a procedure 
referred to as dimensional analysis. One useful technique 1s the use of dimen- 
sions to check 1ƒ a relationshIip 1s /mcorrect. Note that we add or subtract 
quantities only If they have the same dimensions (we don't add centimeters 
and hours); and the quantities on each side of an equals sien must have the 
same dimensions. (In numerical calculations, the units must also be the same on 
both sides of an equation.) 

For example, suppose you đderived the equation  = œạ + ÿaf?, where 0 is 
the speed of an obJect after a time ứí, œạ 1s the obJect's Initial speed, and the 
obJect undergoes an acceleration ø. Lets do a dimensional check to see 1Ý this 
equation could be correct or 1s surely Incorrect. Note that numerical factors, 
like the ÿ here, do not affect dimensional checks. We write a dimensional 
cquation as follows, remembering that the dimensions of speed are [L/7] and 
(as we shall see in Chapter 2) the dimensions oŸ acceleration are [L⁄ T"} 


I7]*|rJ* [J3 
n 


The dimensions are Incorrect: on the right side, we have the sum of quanftifles 
whose dimensions are not the same. Thus we conclude that an error was made 
1n the derivation of the original equation. 

A dimensional check can only tell you when a relationshIp 1s wrong. It can't 
tell you 1f 1t 1s completely ripht. For example, a dimensionless numerical factor 
(such as 3 or 2z) could be missing. 

Dimensional analysis can also be used as a quick check on an equafion you 
are not sure about. For example, consider a simple pendulum of length /. Suppose 
that you can”t remember whether the equation for the period 7` (the time to make 
one back-and-forth swing) is 7 = 2V#⁄g or 7T = 2Vg/F, where g ¡s the 
acceleration due to gravity and, like all accelerations, has dimensilons [T7] 
(Do not worry about these formulas—the correct one will be derived ïn 
Chapter 11; what we are concerned about here 1s a person”s recallineg whether 1t 
contains f/g or øg/f.) A dimensional check shows that the former (//g) is correct: 


whereas the latter (g/f) is not: 


The constant 2zr has no . and so can”t TP checked using dimensions. 


lÍ» 


ll» 


*Some Sections of this book, such as this one, may be considered øp/ional at the discretion of the 
instructor, and they are marked with an asterisk (*). See the Preface for more details. 
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 Summary 


[The Summary that appears at the end öoƒ each Chapter im this book 
giUes a brie overuiet0 oƒ the main ideas öƒ the Chapter. The Summary 
cannot serue fo giue an understanding öƒ the materiadl, tuhich can be 
accomplished only by a detailed reading oƒ the Chapter. | 


Physics, like other sclences, Is a creative endeavor. Ï( is 
not simply a collection of facts Important theories are 
created with the idea of explaining observations. To be 
accepted, theories are “tested” by comparing their predictions 
with the results of actual experiments. Note that, in general, 
a theory cannot be “proved” in an absolute sense. 

Scientists offen devise models of physical phenomena. 
A model is a kind of picture or analogy that helps to describe 
the phenomena 1n terms of something we already know. 
A theory, offen developed from a model, 1s usually deeper 
and more complex than a simple model. 

A sclentific law 1s a concise statement, often expressed In 
the form of an equation, which quantitatively describes a 
wide range of phenomena. 

Measurements play a crucial role in physics, but can 
never be perfectly precise. lI( ¡is Iimportant to speclfy the 


uncer(ainty of a measurement either by stating it directly 
using the + notation, and/or by keeping only the correct 
number of significant fñigures. 

Physical quantities are always specified relative to a 
particular standard or uni(, and the unit used should always 
be stated. The commonly accepted set of unifs today 1s the 
Système Internafional (SI), in which the standard units of 
length, mass, and time are the meter, kilogram, and second. 

When converting unis, check all conyersion factors for 
correct cancellation of units. 

Making rouph, order-of-magniíude esfimafes is a very 
useful technique in science as well as in everyday lIfe. 

[ZThe dimensions of a quantity refer to the combination 
Of base quantities that comprise 1t. Velocity, for example, has 
dimensions of [length/time] or [L/T]. Working with only the 
dimensions of the various quanfities In a given relationship 
(this technique ¡is called dimensional analysis) makes ït 
possible to check a relationship for correct form.] 


 Questions 


1. What are the merits and drawbacks of using a person”s 
foot as a standard? Consider both (ø) a particular 
person”s foot, and (5) any person”s foot. Keep in mind 
that it is advantageous that fundamental standards be 
accessible (easy to compare to), Invariable (do not 
change), Iindestructible, and reproducible. 

2. What is wrong with this road sign: 


Memphis 7 mi (11.263 km)? 


3. Why 1s it incorrect to thínk that the more digits you 
1nclude In your answer, the more accurafe 1t 1s? 


4. For an answer to be complete, the units need to be speci- 
fied. Why? 


5. You measure the radius of a wheel to be 4.16 cm. l you 
multiply by 2 to get the diameter, should you write the 
result as 8cm or as 8.32 cm? Justify your answer. 


6. Express the sine of 30.0? with the correct number of 
significant figures. 


7. Lis( assumptions useful to estimate the number of car 
mechanics in (2) San Francisco, (b) your hometown, and 
then make the estimates. 


[MisConceptual Questions 


[List all answers that are valid.] 


1. A students weipht displayed on a digital scale 1s 117.2 Ïb. 
Thịs would suggest her weight 1s 
(z) within 1% of 117.2 Ib. 

(Bb) exactly 117.2 Ib. 
(c) somewhere between 117.18 and 117.22 Ib. 
(đ) somewhere between 117.0 and 117.4 lb. 

2. Four students use different Instruments to measure the 
length of the same pen. Which measurement Implies the 
Øreatest precIsion? 

(z) 1600mm. (0) 16.0em. (c) 0160m. (2) 0.00016 km. 
(z) Need more information. 


3. The number 0.0078 has how many significant figures? 


(z) 1. (b) 2. (c) 3. (4) 4. 
4. How many significant figures does 1.362 + 25.2 have? 
(a) 2. (ð) 3. (c) 4. (4) 5. 


5. ACccuracy represenfs 
(4) repeatability of a measurement, using a g1ven instrument. 
(b) how close a measurement ¡s to the true value. 
(c) an ideal number of measurements to make. 
(4) how poorly an instrument 1s operafting. 


6. To convert from ft” to yd”, you should 
(z) multiply by 3. 
(b) multiply by 1/4. 
(c) multiply by 9. 
(4) multiply by 1/9. 
(e) multiply by 6. 
(7) multiply by 1/6. 
7. Which 1s zoí true about an order-of-magnitude estimation? 
(2) It gives you a rough idea of the answer. 
(P) It can be done by keeping only one sigmificant figure. 
(c) It can be used to check 1f an exact calculation 1s 
reasonable. 
(đ) It may require making some reasonable assumptions 
1n order to calculate the answer. 
(£) It will always be accurate to at least two sigmificant figures. 


*§8. [L”] represents the dimensions for which of the following? 
(a) cmZ. 
(5) square feet. 
(c) m. 
(đ) AII of the above. 


MisConceptual Ouestions T7 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


(P) 


Ï Problems 


[The Problems at the end oƒ each Chapter are ranked I, II, or HII 
according to esimated difficulty, tunh (Ù Problems being easiest. 
Le0el III are meant as challenges for the best studemts. The Prob- 
lems are arranged by Seclion, meaning that the reader should 
haue read up to and including that Section, but not only thai 
Seclion—Problems ofllen depend on earlier mafterialL Next ¡is 
a set oƒ “General Problems” not arranged by SecHion and not 
ranked. Finally, there are “Search and Learn” Problems that require 
rereading parts oƒ the Chapter] 


1-4 Measurement, Uncertainty, Significant Figures 
(Note: In Problems, assume a number like 6.4 i$ accurate fo 
+0.1; and 950 ¡is + 10 unless 950 ¡s said to be “precisely” or 
“ery nearly” 950, im thích case assume 950 + 1.) 


1. () How many significant figures do each of the following 
numbers have: (z) 214, (b) 81.60, (c) 7.03, (đ) 0.03, 
(e) 0.0086, (ƒ) 3236, and (ø) 8700? 

2. (D Write the following numbers in powers of 10 notation: 

(4) 1.156, (b) 21.8, (c) 0.0068, (2) 328.65, (e) 0.219, and (ƒ) 444. 

() Write out the following numbers ¡in full with the 

correct number of zeros: (ø) 8.69 x 10! (5) 9.1 x 10, 

(c) 8.8 x 10°1, (đ) 4/76 x 107, and (e) 3.62 x 10. 

4. (II) The age of the universe ¡is thought( to be about 
14 billion years. Assuming two sipnificant fipures, write 
this in powers of 10 in (2) years, (Ð) seconds. 

5. (II) What 1s the percent uncertainty in the measurement 
5.48 + 0.25m? 

6. (II) Time intervals measured with a stopwatch typically have 
an uncertainty of about 0.2 s, due to human reaction time at 
the start and stop moments. What 1s the percent uncertainty Of 
a hand-timed measurement of (#) 5.5 s, (b) 55 s, (c) 5.5 min? 

7. (I) Add (9.2 x 10s) + (8.3 x 10s) + (0.008 x 10s). 

§. (II Multiply 3.079 x 10”m by 0.068 x 10”Ïm, taking into 
account sipnificant figures. 

9, (II) What, approximately, ¡is the percent uncertainty for 
a measurement given as 1.57 m”? 

10. (II) What, roughly, is the percent uncertainty in the volume 

of a spherical beach ball of radius r = 0.84 + 0.04m? 

11. (II) What is the area, and its approximate uncertainty, of 

a circle of radius 3.1 x 10cm? 


1-5 and 1-6 Units, Standards, SI, Converting Units 

12. (1) Write the following as full (decimal) numbers without 
prefixes on the units: (z) 286.6 mm, (b) 85 V, (c) 760 mg, 
(đ) 62.1 ps, (e) 22.5 nm, (ƒ) 2.50 gigavolts. 

13. (1 Express the following using the prefixes of Table 1-4: 
(2) 1 x 10®volts, (b) 2 < 102 meters, (c) 6 < 10 days, 
(4) 18 x 10? bueks, and (e) 7 < 1077 seconds. 

14. (1) One hectare is defined as 1.000 x 10m”. One acre is 
4.356 x 10'f. How many acres are in one hectare? 

15. (II) The Sun, on average, is 93 million miles from Earth. 
How many meters is this? Express (2) using powers of 
10, and (Đ) using a metric prefix (km). 

16. (II) Express the following sum with the correct number of 
sipnificant figures: 1.80m + 142.5 em + 5.34 x 10” m. 

17. (IH) A typical atom has a điameter of about 1.0 x 10”!°m. 
(a) What is this in inches? (5) Approximately how many 
atoms are along a 1.0-em line, assuming they just touch? 
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18. (ID Determine the conversion factor between (øz) km/h 
and mi/h, (b) m/s and ft/s, and (c) km/h and m/s. 

19. (II) A light-year 1s the distance lipht travels in one year (at 
speed = 2.998 x 10Ÿm/s). (4) How many meters are 
there in 1.00lipht-year? (b) An astronomical unit (AU) 1s 
the average distance from the Sun to Earth, 1.50 x 10Ẻ km. 
How many AU are there in 1.00 light-year? 

20. (II) How much longer (percentage) is a one-mile race 
than a 1500-m race (“the metric mile”)? 

2i. (I) American football uses a field that ¡is 100.0 yd long, 
whereas a soccer field 1s 100.0 m long. Which field is longer, 
and by how much (give yards, meters, and percenf)? 

22. (11) (z) How many seconds are there in 1.00 year? (b) How 

many nanoseconds are there in 1.00 year? (c) How many 

years are there in 1.00 second? 

(HT) Use Table 1—3 to estimate the total number of protons 

or neutronsin (2) a bacterium, (5) a DNA molecule, (c) the 

human body, (đ) our Galaxy. 

(HI A standard baseball has a circumference of apprOXI- 

mately 23cm. If a baseball had the same mass per unit 

volume (see Tables in Section 1-5) as a neufron or a profon, 
about what would 1ts mass be? 
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1-7 Order-of-Magnitude Estimating 

(Note: Remember that ƒor rough estinates, only round numbers 

are needed both as input to calculations and as final resulis.) 

25. () Estimate the order of magnitude (power of 10) of: 
(a) 2800, (b) 86.30 x 10Ỷ, (c) 0.0076, and (2đ) 15.0 x 10Ể. 

26. (II) Estimate how many books can be shelved In a collese 
library with 3500 mŸ of floor space. Assume 8 shelves high, 
having books on both sides, with corridors 1.5m wide. 
Assume books are about the size of this one, on average. 

27. (II) Estimate how many hours ¡it would take to run (at 
10 km/h) across the U.S. from New York to California. 

28. (H) Estimate the number of liters of water a human 
drinks In a lifetime. 

29. (II) Estimate how long it would take one person to mow 
a football field using an ordinary home lawn mower 
(Fig. 1-15). (State your assumption, such as the mower 
moves with a 1-km/h speed, and has a 0.5-m width.) 


FIGURE 1-15 
Problem 29. 


30. (IL) Estimate the number of gallons of gasoline consumed by 
the total of all automobile drivers in the U.S., per year. 
3i. (II) Estimate the number of dentists (2) in San Francisco 

and (ð) ín your town or city. 

32. (HI) You are in a hot air balloon, 200m above the flat 
Texas plains. You look out toward the horizon. How far 
out can you see—that 1s, how far 1s your horizon? The 
Earth's radius is about 6400 km. 
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33. (II) Iapree to hire you for 30 days. You can decide between 


34 


35. 


two methods of payment: either (1) $1000 a day, or (2) one 
penny on the first day, two pennies on the second day and 
conftinue to double your dailly pay each day up to day 30. 
se quick estimation to make your decision, and Justlfy 1t. 
(HD) Many sailboats are docked at a marina 4.4 km away on 
the opposite side of a lake. You sfare at one of the saillboats 
because, when you are lying flat at the water's edge, you 
can just see 1ts deck but none of the side of the sailboat. 
You then go to that sailboat on the other side of the 
lake and measure that the deck 1s 1.5m above 

the level of the water. Using 
FHig. I-16, where Ù = 1.5m, 
estimate the radius ® of the 
Earth. 


FIGURE 1-16 Problem 34. 
"You see a sailboat across a 
lake (not to scale). # is the 
radius of the Earth. Because 
of the curvature of the Earth, 
the water “bulges out” between 


you and the boat. HaHÙh cenfer 


(IH) You are lying on a beach, your eyes 20 em above the 
sand. Just as the Sun sets, fully disappearing over the horizon, 
you immediately jump up, your eyes now 150 em above the 
sand, and you can again just see the top of the Sun. I you counf 
the number of seconds (= í) until the Sun fully disappears 
again, you can estimate the Earth's radius. But for this Prob- 
lem, use the known radius of the Earth to calculate the time í. 


*1—8 Dimensions 


*36. 


Tu 


*38. 


x39 


ù 


(1 What are the dimensions of density, which is mass per 
volume? 

(I) The speed » of an object is given by the equation 
ò= Af — Bi, where í refers to time. (2) What are the 
dimensions of 4 and ÖZ? (b) What are the SI units for the 
constants 4 and ? 


(II Three students derive the following equations ¡in 
which x refers to distance traveled, œ the speed, ø the 
acceleration (m/ s°), £ the time, and the subscript zero (o) 
means a quantty at time =0. Here are their 
equations: (ø) x = œf? + 2af, (b) x = Đạt + ÿaf?, and 
(€) x= ạt + 2a”. Which of these could possibly be 
correct according to a dimensional check, and why? 

(HI) The smallest meaningful measure of leneth is called the 
Planck length, and 1s deiined in terms of three fundamental 
constanfs in nature: the speed of light c = 3.00 x 10Ÿm/s, 
the gravitational constant Œ = 6.67 x 10!! mỶ/kg-s”, and 
Planck's constant h = 6.63 x 10 ”kg-m/s. The Planck 
length fp ¡is given by the following combination of these 
three constanfs: 


Œh 


c3 


Show that the dimensions of f, are length [L], and find the 
order of magnitude of fp. [Recent theories (Chapters 32 
and 33) suggest that the smallest particles (quarks, leptons) 
are “strings” with lengths on the order of the Planck length, 
103m. These theories also sugsest that the “Big Bang,” 
with which the universe 1s believed to have begun, started 
from an Initial size on the order of the Planck length.] 


lọp = 


[ General Problems 


40. Global posifioning satellites (GPS) can be used to determine 


4I. 


your position with gøreat accuracy. If one of the satellites 1s 
20,000 km from you, and you want to know your posifion to 
+ 2m, what percent uncertainty In the distance 1s required? 
How many significant figures are needed in the distance? 
Computer chỉps (Eig. 1—17) are etched on circular silicon 
wafers of thickness 0.300 mm that are sliced from a solid 
cylindrical silicon crystal of length 25 cm. If each wafer can 
hold 400 chips, what ¡is the maxinum number of chips 
that can be produced from one entire cylinder? 


PP „2 


FIGURE 1-17 Problem 41. 
The wafer held by the hand 
1s shown below, enlarged 
and illuminated by colored 
light. Visible are rows of 
Integrated circuits (chips). 


42. A typical adult human lung contains about 300 million 


tiny cavifies called alveoli. Estimate the average diameter 
of a single alveolus. 


43. 


44. 


45. 


T you used only a keyboard to enter data, how many years 
would 1t take to flI up the hard drive in a computer that can 
store 1.0terabytes (1.0 < 10!” bytes) of data? Assume 40-hour 
work weeks, and that you can type 180 characters per minute, 
and that one byte 1s one keyboard character. 

An average family of four uses roughly 1200L (about 
300 gallons) of water per day (1L = 1000 cm”). How much 
depth would a lake lose per year 1Ý it covered an area of 
50 km” with uniform depth and supplied a local town with 
a population of 40,000 people? Consider only population 
uses, and neglect evaporation, rain, creeks and rIvers. 
Estimate the number of 
Jelly beans In the Jar of 
Fig. 1—18. 


FIGURE 1-18 
Problem 45. Estimate 
the number of Jelly 
beans in the Jar. 
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General Problems 


4ó. 


47. 


48. 


49. 


50. 


51. 


5. 


Ss 


How bịg 1s a ton? That 1s, what 1s the volume of something 
that weighs a ton? 'To be specific, estimate the diameter of 
a 1-ton rock, but first make a wild guess: will It be 1ft 
across, 3 ft, or the size of a car? [Himr: Rock has mass per 
volume about 3 times that of water, which 1s 1 kg per liter 
(10 cm?) or 62lb per cubic foot.] 

A certain compact disc (CD) contains 783.216 megabyfes 
Of digital information. Each byte consists of exactly 8 bits. 
When played, a CD player reads the CD's information 
at a constant rate of 1.4 megabifs per second. How many 
minutes does 1t take the player to read the entire CD? 
Hold a pencil in front of your eye at a position where Ifs 
blunt end just blocks out the Moon (Fig. 1-19). Make 
appPTOprlate measurements 
to estimate the đdiameter 
of the Moon, given that the 
Earth-Moon distance 1s 
3.8 x 107km. 


FIGURE 1-19 
Problem 48. How bịg 
1s the Moon? 


A storm dumps 1.0 cm oÝ rain on a city 6 km wide and 8 km 
long in a 2-h period. How many metric tons (1 metric ton = 
10” kg) of water fell on the city? (1 cm” of water has a mass 
of 1g = 10kg.) How many gallons of water was this? 
Estimate how many days ¡it would take to walk around 
the Earth, assuming 12h walking per day at 4 km/h. 

One liter (1000 em) of oil is spilled onto a smooth lake. Tf 
the oïl spreads out uniformly until it makes an oil slick 
just one molecule thick, with adjacent molecules Just 
touching, estimate the diameter of the oïl slick. Assume 
the oil molecules have a diameter of 2 < 10 19m, 

A watch manufacturer claims that Its watches gain or lose 
no more than 8 seconds In a year. How accurate are these 
watches, expressed as a percentage? 

An angstrom (symbol Ä) is a unit of length, defined as 
10!?m, which is on the order of the diameter of an atom. 
(a) How many nanometers are in 1.0 angstrom? (b) How 
many femtometers or fermis (the common unit of length 
in nuclear physics) are in 1.0angstrom? (c) How many 
angstroms are in 1.0m? (đ) How many angstroms are In 
1.0 light-year (see Problem 19)? 


=4. 


5. 


S6. 


31. 
58. 


59. 


60. 


61. 


Jim stands beside a wide river and wonders how wide It 
1s. He spots a large rock on the bank directly across from 
him. He then walks upstream 
65 strides and judges that 
the angle between him and _ 
the rock, which he can still 
See, Is now at an angle of I 
30° downstream (Fig. 1-20). 
stride h 
Ị 
Ị 
Ị 
L 
Ị 


Jim measures his \ 3091 

to be about 0.Sm_ long. bảng 

Estimate the width of the ¬=! 

TIV€T. XET 
FIGURE 1-20 “se... 
Problem 54. 65 Strides . - 

Determine the percent uncertainty in 0, and In sin0, 


when (ø) 0 = 15.0° + 0.5, (b) 0 = 75.0° + 0.5°. 
TỶ you walked north along one of Earth's lines of longi- 
tude until you had changed latitude by 1 minute oŸ arc 
(there are 60minutes per degree), how far would you 
have walked (in miles)? This distance ¡is a naufical mile. 
Make a rough estimate of the volume of your body (in mì). 
The following formula estimates an average person”s lung 
capacity V (ïn liters, where 1L. = 10cm): 

W = 41H - 0018A - 2.7, 


where #J and A are the person”s height (n meters) and 
age (in years), respectively. In this formula, what are the 
units of the numbers 4.1, 0.018, and 2.72 

One mole of atoms consists of 6.02 x 10?” individual atoms. 
Tf a mole of atoms were spread uniformly over the Earth”s 
surface, how many atoms would there be per square meter? 
The density of an obJect 1s defined as Its mass divided by is 
volume. Suppose a rocks mass and volume are measured to 
be 6g and 2.8325 cm. To the correct number of significant 
figures, determine the rock”s density (mass/volume). 
Recent findings In astrophysics suggest that the observ- 
able universe can be modeled as a sphere of radius 
R = 13.7 x 10light-years = 13.0 x 107m with an aver- 
age total mass density of about 1 x 10”2kg/mỶ. Only 
about 4% of total mass is due to “ordinary” matter (such as 
protons, neutrons, and electrons). Estimate how much 
ordinary matter (in kg) there 1s in the observable universe. 
(Eor the light-year, see Problem 19.) 


j Search and Learn 


1. 


2. 


3. 


Galileo 1s to Aristotle as Copernicus is to Ptolemy. See 
Section 1—1 and explain this analogy. 

How many wavelensths of orange krypton-86 lieht (Section 1-5) 
would ft into the thickness of one page of this book? 
sing the French Academy of Sclences' oripinal defini- 
tion of the meter, determine Earth's cireumference and 
radius in those meters. 


ANSWERS TO EXERCISES 


A: 
B: 


LÊU 
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(4). 

All three have three significant figures; the number of 
decimal places 1s (2) 2, (b) 3, (c) 4. 

(z) 2.58 x 107, 3; (b) 4.23 x 10!, 3 (probably); 

(c) 3.4450 x 107, 5. 


CHAPTER 1 


4. 


ˆ 


E: 


Estimate the ratio (order of magnitude) of the mass of a 
human to the mass of a DNÑA molecule. 

To the correct number o sipnificant figures, use the Infor- 
mation inside the front cover of this book to determine 
the ratio of (4z) the surface area of Earth compared to the 
surface area of the Moon; (5) the volume of Earth 
compared to the volume of the Moon. 


D: Ở). 


No: 15m/s + 34 mi/h. 


EF: (). 


Introduction, Measurement, Estimating 


Describing Motion: 


The space shuttle has released 
a parachute to reduce 1ts 
speed quickly. The directions 
Of the shuttle”s velocity and 
acceleration are shown by the 
green (ý) and gold (ä) arrows. 

Motion ïs described using 
the concepts of velocity and 
acceleration. In the case 
shown here, the velocity V 1s 
to the right, in the direction 
of mofion. The acceleration ä 
1s In the opposite direction 
from the velocity Ý, which 
means the object 1s slowing 
down. 

We examine in detail motion 
with constant acceleration, 
1nceluding the vertical motion 
of objects falling under gravIty. 


Kinematics In One DImensIlon 


CHAPTER-OPENING QUESTION——Guess now! 

[Don† tuorry about getting the right ansuuer not0—yoU 10ill get another chance later in the 

Chapter. See also p. l oƒ Chapter 1 for more explanation.] 
Two small heavy balls have the same diameter but one weighs twice as much as 
the other. The balls are dropped from a second-story balcony at the exact same 
time. The time to reach the ground below wIll be: 

(a) twice as long for the lighter ball as for the heavier one. 

(b) longer for the lighter ball, but not twice as long. 

(€) twice as long for the heavier ball as for the lighter one. 

(đ) longer for the heavier ball, but not twice as long. 

(e) nearly the same for both balls. 


and Moon—Is an obvious part of everyday life. It was not until the 

sixteenth and seventeenth centuries that our modern understanding of 
moflon was established. Many individuals contributed to this understanding, 
particularly Galileo Galilei (1564-1642) and Isaac Newton (1642-1727). 

The study of the motion of obJects, and the related concepts of force and energy, 
form the field called mechanics. Mechanics 1s customarily divided Into twO parts: 
kinemafics, which 1s the description of how objects move, and dynamics, which 
deals with force and why objects move as they do. This Chapter and the next deal 
with kinematics. 


IK motion of obJects—baseballs, automobiles, Joggers, and even the Sun 


Reference Frames and 
Displacement 


Average Velocity 
Instantaneous Velocity 
Acceleration 


Motion at Constant 
Acceleration 


Solving Problems 
Ereely Falling ObJects 


Graphical Analysis of 
Lñnear Motion 


21 


#8 #` 
& # 
& % 


(a) (b) 
FIGURE 2-1 A falline pinecone 
undergoes (a) pure translation; 


(b) it 1s rotating as well as translating. 


For now we only discuss objects that move without rotating (Fig. 2-1a). 
Such motion 1s called translafional moftion. In this Chapter we will be concerned 
with describing an object that moves along a straight-line path, which 1s one- 
dimensional translational motion. In Chapter 3 we wIll describe translational 
mofion In two (or three) dimensions along paths that are not straight. (Rotation, 
shown im Fig. 2—1b, 1s discussed in Chapter 8.) 

We will often use the concept, or #ođel, oŸ an idealized particle which 1s 
considered to be a mathematical point with no spatial extent (no size). A point 
particle can undergo only translational motion. The particle model 1s useful in 
many real situations where we are Interested only In translational motion and 
the obJecf's s1ze 1s not sigmificant. For example, we might consider a billiard ball, 
or even a spacecraft traveling toward the Moon, as a particle for many purposes. 


2—] Reference Frames and Displacement 


Any measurement of posifion, distance, or speed must be made with respect to a 
reference frame, or Írame of reference. For example, while you are on a train 
traveling at 80 km/h, suppose a person walks past you toward the front of the 
train at a speed of, say, 5 km/h (Fig. 2-2). This 5 km/h is the person”s speed 
with respect to the train as frame of reference. With respect to the ground, 
that person ¡is moving at a speed of 80 km/h + 5 km/h = 85 km/h. It is always 
1mportant to specify the frame of reference when stating a speed. In everyday 
lie, we usually mean “with respect to the Earth” without even thinking about 1t, 
but the reference frame must be specified whenever there mipht be confusion. 


FIGURE 2-2 A person walks toward the front of a train at 5 km/ñh. 
The train is moving 80 km/h with respect to the ground, so the 
walking person”s speed, relative to the ground, ¡is 85 km/h. 


FIGURE 2-3 Standard set of xy 


coordinate axes, sometimes called 


“rectangular coordinates.” 
+y 


cử 


'When specifying the motion oŸ an object, 1t is Important to specIfy not only 
the speed but also the direction of motion. Often we can speclfy a direction by 
using north, east, south, and west, and by “up” and “down.” In physics, we 
often draw a set of coordinafe axes, as shown In Fig. 2—3, to represent a frame 
Of reference. We can always place the origin 0, and the directions of the x and 
y axes, as we like for convenience. The x and y axes are always perpendicular 
to each other. The origin 1s where x = 0, y = 0. Objects positioned to the right 
of the origin of coordinates (0) on the x axis have an x coordinate which we 
almost always choose to be positive; then points to the left of 0 have a negative 
x coordinate. The position along the y axis 1s usually considered positive when 
above 0, and negative when below 0, although the reverse convention can be used 
1ƒ convenient. Any point on the plane can be specified by giving 1fs x and y cOOT- 
dinates. In three dimensions, a z axis perpendicular to the x and y axes is added. 

For one-dimensional motion, we often choose the x axis as the line along 
which the motion takes place. Then the posifion of an obJect at any moment 1s 
øIven by 1s x coordinate. If the motion 1s vertical, as for a dropped obJect, we 
usually use the y aXIs. 
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We need to make a distinction between the đisfance an oblject has traveled 
and 1ts displacement, which 1s defined as the change in posiion of the 
object. That 1s, đisplacememt ¡is hot ƒar the object is from is starling pOIM. 
To see the distinction between tofal distance and displacement, Iimagine a person 
walking 70m to the east and then turning around and walking back (west) a 
distance of 30m (see Fip. 2-4). The total đ/síance traveled is 100m, but the 
displacemerní 1s only 40m since the person 1s now only 40m from the starting pomt. 

Displacement 1s a quantity that has both magnitude and direction. Such 
quanfites are called vecfors, and are represented by arrows In diaprams. For 
example, In Fig. 2-4, the blue arrow represents the displacement whose magnI- 
tude 1s 40 m and whose direction is to the ripht (east). 

We will deal with vectors more fully in Chapter 3. For now, we deal only with 
mofion 1n one dimension, along a line. In this case, vectors which pomt in one direc- 
tron wIll be positive (typically to the right along the x axis). Vectors that point 
1n the opposite direction wIll have a negative sign In front of their magnitude. 

Consider the moftion of an obJect over a particular time interval. Suppose that 
at some Imitial time, call 1t f,, the obJect 1s on the x axis at the position x¡ In the 
coordinate system shown 1n Hg. 2-5. At some later time, í;, suppose the obJect 
has moved to position x;. The displacement of our object 1s x; — xị¡, and 1s 
Tepresented by the arrow poinfing to the ripht in Hg. 2—5. Ït 1s convenienf to WrIfe 


Ä%;-= 


where the symbol A (Greek letter delta) means “change in.” Then Ax means 
“the change in x,” or “change in position,” which 1s the displacement. The change ïn 
any quantity means he final ualue oƒ that quantty, mìnus the initial 0alue. 
Suppose x¡ = 10.0m and x; = 30.0m, asn Eig. 2-5. Then 


= 30.0m — 10.0m = 20.0m, 


so the displacement 1s 20.0 m 1n the positive direction, Fig. 2—5. 

Now consider an obJect moving to the left as shown In Eig. 2—6. Here the 
object, a person, starts at x¡ = 300m and walks to the left to the point 
x¿ = 10.0m. In this case her displacement 1s 


Ax = 10.0m — 30.0m =  —20.0m, 


and the blue arrow representing the vector displacement points to the left. For 
one-dimensional motion along the x axis, a vector pointing to the ripht 1s 
poslfive, whereas a vector pointing to the left has a negative sign. 


X¿ — XI, 


Ax = xX;ạ— *%ị 


X2 — XỊị — 


EXERCISE A An ant starts at x = 20cm on a piece of graph paper and walks along 
the x axIs to x= —20cm. It then turns around and walks back to x = —10cm. 
Determine (a) the ants displacement and (b) the total distance traveled. 


2-2 Average Velocity 


An Iimportant aspect of the motlon of a moving obJect 1s how ƒ4sf 1t 1S 
moving—Ifs speed or velocIty. 

The term “speed” refers to how far an oblect travels im a given time Interval, 
regardless of direction. I a car travels 240 kilometers (km) in 3 hours (h), we say 
is averaøe speed was 80 km/h. In general, the ayerage speed of an object is 
defned as fhe fotal distance traueled along its path diuided by the time it takes to 
trauel this distance: 


đistance traveled 


average speed = (2-1) 


time elapsed 


The terms “velocity” and “speed” are often used Interchangeably m ordi- 
nary language. But in physics we make a distinction between the two. Speed 1s 
simply a positive number, with units. Velocify, on the other hand, is used to 
sipnify both the mag”de (numerical value) of how fast an object is moving 
and also the đ/recfion 1n which 1t 1s moving. Velocity 1s therefore a 0ecfor. 


$*CAUTION 


The displacerment may not equal the 
total distance traueled 


* 
East 


Displacement 


FIGURE 2-4 A person walks 70m 
east, then 30m west. The total distance 
traveled 1s 100m (path 1s shown dashed 
in black); but the displacement, shown 
as a solid blue arrow, 1s 40m to the east. 


FIGURE 2-5 The arrow represenfs 
the displacement x; — xị. 
Distances are in meters. 


y 


20 30 40 
Distance (m) 


FIGURE 2-6 For the displacement 
Ax = x;¿— x¡ = 10.0m — 30.0m, 
the displacement vector points left. 


10 20 
Distance (m) 


30 40 
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$*CAUTION 


Aerage speed ¡is not necessarily 
equal to the magnitude oƒ the 
qUerage 0elocify 


# PROBLEM SOLVING 


+ or — sign can signiƒy the direction 
ƒor lnear motion 


ÊŠ*CAUTION 
Time interual = elapsed từne 


FIGURE 2-7 Example 2-1. 
A person runs from xị = 50.0m 
to xạ = 30.5m. The displacement 
1s —19.5m. 

y 


Einish  Start 
(œ 2) (œ Ù 


Ax 
_ |, +*+., 


UÌ 10 20 30 40 50 60 
Distance (m) 


There 1s a second difference between speed and velocity: namely, the đ0erage 
elocify 1s defined 1n terms of đisplacememt, rather than total distance traveled: 


displacement _ final posiion — initial position 


average velocity = — : 
š ỹ time elapsed time elapsed 


Average speed and average velocity have the same magnitude when the 
motion 1s all in one direction. In other cases, they may ciffer: recall the walk we 
described earlier, in Flg. 2—4, where a person walked 70m east and then 30m west. 
The total distance traveled was 70m + 30m = 100m, but the displacement was 
40m. Suppose this walk took 70s to complete. Then the average speed was: 


đistance 100m 


= 1.4 : 
time elapsed 70s HụS 


The magnitude of the average velocity, on the other hand, was: 


displacement 40m 


: = =_ 0.57m/s. 
time elapsed 70 / 

To discuss one-dimensional mofion of an object in general, suppose that at 
some moment In time, call 1t í¡, the oblJect 1s on the x axIs at posifion x¡ 1n a 
coordinate system, and at some later time, í;, suppose 1t 1s at position x;. The 
elapsed time (= change In time) is A7 = í; — í¡; during this time interval the 
displacement of our object Isĩ Ax = x; — xị¡. Then the average velocity, 
defined as fhe displacememt diuided by the elapsed từme, can be written 

_ X2 — XịỊ Ax 


Đ= TH ng [average velocity] (2-2) 


where œ stands for velocity and the bar (—) over the œ is a standard symbol 
mneaning “average.” 

For one-dimensional motion In the usual case of the +x axis to the right, 
nofte that IŸ x; 1s less than x¡, the object Is moving to the left, and then 
Ax = x; — xị 1S less than zero. The sign of the displacement, and thus of the 
average velocity, indicates the direction: the average velocify 1s posifive for an 
obJect moving to the right along the x axis and negative when the oblect 
moves to the left. The direction of the average velocity 1s always the same as 
the direction of the displacement. 

It is always Iimportant to choose (and state) the elapsed từne, or tìme interval, 
í; — í¡, the time that passes during our chosen period of observation. 


Runner s average velocity. The position of a runner as a 
function of time 1s plotted as moving along the x axIs Of a coordinate system. 
During a 3.00-s time 1nterval, the runner”s position changes from x;¡ = 50.0m 
to x; = 30.5m, as shown In Eig.2—7. What 1s the runner”s average velocity? 


APPROACH We want to find the average velocity, which 1s the displacement 
divided by the elapsed time. 
SOLUTION The displacement 1s 

Ax = x;—#ị 
30.5m — 50.0m = —19.5m. 
The elapsed time, or time Interval, 1s given as Afƒ = 3.00 s. The average velocity 
(Eq. 2-2) Is 

= Ax —19.5m 

= = = =6.50 Ề 

“ Ar — 3008 th 
The displacement and average velocity are negative, which tells us that the 
runner 1s moving to the left along the x axis, as indicated by the arrow In Fig. 2—7. 
The runner”s average velocity is 6.50 m/s to the left. 
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EXAMPLE 2-2 | Distance a cyclist travels. How far can a cyclist travel in 
2.5 h along a straight road if her average velocity is 18 km/h? 


APPROACH We want to find the distance traveled, so we solve Eq. 2-2 for Ax. 
SOLUTION In Eq.2-2, ø = Ax/Ar, we multiply both sides by A7 and obtain 
Ax = 0Aí = (18km/h)(25h) = 45km. 


EXAMPLE 2-3 | Car changes speed. A car travels at a constant 50 km/h for 
100 km. It then speeds up to 100 km/h and is driven another 100 km. What is 
the car”s average speed for the 200-km trip? 

APPROACH At 50 km/h, the car takes 2.0h to travel 100 km. At 100 km/h ït 
takes only 1.0h to travel 100 km. We use the defintion of average velocity, Eq. 2—2. 
SOLUTION Average velocity (Eq. 2—2) 1s 

ˆ Ax 100km + 100 km 


TÊN: UTC  T::: ngư ớ: 


NOTE Averaging the two speeds, (50 km/h + 100 km/h)/2 = 75 km/h, gives 
a wrong answer. Can you see why? You must use the definition of, Eq. 2-2. 


2—3 Instantaneous Velocity 


TỶ you drive a car along a straight road for 150 km ¡in 2.0h, the magnitude of 
your average velocify is 75 km/h. It is unlikely, though, that you were moving 
at precisely 75 km/h at every instant. To describe this situation we need the 
concept 0Ÿ /nsfanfaneous 0elocify, which 1s the velocity at any Instant of time. 
(Its magnitude 1s the number, with units, indicated by a speedometer, Fig. 2-8.) 
More precisely, the insfanfaneous velocify at any moment 1s defined as íhe 
auerage 0elocity ouer an infinitesimnally short time interual. That 1s, Eq. 2—2 1s to be 
evaluated In the limit of Af becoming extremely small, approaching zero. We can 
write the definition oŸ instantaneous velocity, », for one-dimensional motion as 


h Ax 
A0 Áf, 
The notation lim,,_,o means the ratio Ax/Af is to be evaluated in the limit of FIGURE 2-8 Car speedometer 
Aí approaching zero.' showing mi/h in white, and km/h 
For instantaneous velocity we use the symbol ø, whereas ÍoT aVeFag€ ¡n orange. 
velocity we use 0, with a bar above. In the rest of this book, when we use the 
term “velocity” 1t wIll refer to instantaneous velocity. When we want to speak of 
the average velocity, we will make this clear by including the word “average.” 
Note that the /msfanfaneous speed always equals the magniude of the 
instantaneous velocity. Why? Because distance traveled and the magnitude of FIGURE 2-9 Velocity of a car as a 
the displacement become the same when they become infinitesimally small. function of tìme: (a) at constant velocity; 
If an object moves at a uniform (that is, constant) velocity during a partic-  (P) with velocity varying in time. 


Đ= [instantaneous velocity] (2-3) 


ular time interval, then 1fs Instantaneous velocity at any Instant 1s the same asISšÃ 60+ 

average velocity (see Eig. 2-9a). But in many situations this is not the case. For E 40- 

example, a car may start from rest, speed up to 50 km/h, remain at thatvelocty  > + 

for a time, then slow down to 20 km/h in a traffic jam, and finally stop atits 3 20Ƒ 

destination after traveling a total of 15 km in 30 min. Thịs trip 1s plotted on the s Ù ———=—-_:- 
graph of Fig. 2—-9b. Also shown on the graph 1s the average velocity (dashed 0 01 02 03 04 05 
line), which is ø = Ax/A7 = 15 km/0.50h = 30 km/h. () Time (h) 


Graphs are often useful for analysis of motion; we discuss additional insights 
graphs can provide as we go along, especially In Section 2-8. 


a 
© 


+> 
© 


Average velocIty 


EXERCISE B_ What ¡s your instantaneous speed at the instant you turn aroundtomove >¿ -F[ˆ----À----—-=-=-=“ 
in the opposite direction? (z) Depends on how quickly you turn around; (b) always Zero; 


(c) always negative; (đ) none of the above. 


Velocity (km/h) 
l9) 
= 


= 


+ 0 0I 02 03 04 05 
TWe do not simply set Af = 0 in this definition, for then Ax would also be zero, and we would have (b) Time (h) 


an undetermined number. Rather, we consider the rao Ax/Af, as a whole. As we let Af approach 
zero, Ax approaches zero as well. But the ratio Ax/Af approaches some definite value, which is the 
1nstantaneous velocity at a given Instant. SECTION2-3 25 


FIGURE 2-10 Example 2-4. The car 
1s shown at the start with ø¡ = 0 at 
f¿; =0. The car 1s shown three more 
times, at ƒ = 1.0s, f = 2.05, and at 


the end of our time mnterval, í¿ = 5.05. 


The green arrows represent the 
velocity vectors, whose length 
represents the magnitude of the 
velocity at that moment. The 
acceleration vector 1s the orange 
arrow, whose magnitude 1s constant 
and equals 15 km/h/s or 4.2 m/sf 
(see top of next page). Distances are 
not to scale. 


2-4 Acceleration 


An object whose velocity 1s changing 1s said to be accelerating. For Instance, a car 
whose velocity increases in magnitude from zero to 80 km/h is accelerating. 
Acceleration specifles how rapidly the velocity of an object 1s changing. 

Aoerage accelerafion 1s defined as the change In velocity divided by the 
time taken to make this change: 


change of velocity 


average acceleratlon = š 
time elapsed 


In symbols, the ayerage accelerafion, ø, over a time interval Aƒ = í; — í¡, during 
which the velocity changes by A2? = ?; — ®ị, 1s defned as 
Em nh [average acceleration] (2-4) 
lạ — lhị Af 

W© saw that velocity 1s a vector (1t has magnitude and direction), so acceleration 
1S a vector foo. But for one dimensional motion, we need only use a plus or minus 
sien to indicate acceleration direction relative to a chosen coordinate axIs. 
(Usually, ripht is +, left 1s —.) 

The instantaneous accelerafion, z, can be defined 1n analogy to instantaneous 
velocity as the average accelerafion over an Infinitesimally short time interval at 
a g1ven mnstant: 


A® 


Im ——- [instantaneous acceleration] (2-5) 
Ar>0 Af 


Here A9 1s the very small change in velocity during the very short time Interval Aí. 


EXAMPLE 2-4 | Average acceleration. A car accelerates on a straight road from 
rest to 75 km/h in 5.0s, Fig.2—10. What ¡s the magnitude ofits averase acceleration? 


APPROACH Average acceleration ¡s the change ín velocity divided by the elapsed 
time, 5.0s. The car sfarts from rest, so ¡ = 0. The fñnal velocity is ø; = 75 km/h. 


SOLUTION From Eq. 2-4, the average acceleration 1s 
E Đạ — Đị 75 km/h — 0km/h 15 km/h 
: f¿ — Íh 5.05 S 
Thịs 1s read as “fñifteen kilometers per hour per second” and means that, on 
average, the velocity changed by 15 km/h during each second. That is, assuming 
the acceleration was constant, during the first second the car”s velocity increased 
from zero to 15 km/h. During the next second ifs velocity increased by another 
15 km/ñh, reaching a velocity of 30 km/h at / = 2.0s, and so on. See Eig. 2-10. 


=0 Acceleration 
E=——__.. 
0ị =0 km/h 
CA, a=15 s— 
at £ = 1.0s 
 = 15 km/h 
at £ = 2.0s 
 = 30 km/h 


at f=í¿ = 5.05 
Đ= 0ạ = 75 km/h 
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Our result in Example 2—4 conftains two different time units: hours and seconds. 
We usually prefer to use only seconds. To do so we can change km/h to m/s 
(see Section 1-6, and Example 1—5): 


"km \ ( 1000 m 1 
75 km/h É T \Í 1= lm) 21m/s. 
Then 
- — 2l1m/s — 0.0m/s 42 m/s 42 


5.0s S sĩ 
We almost always write the units for acceleration as m/s” (meters per 
second squared) instead of m/s/s. This is possible because: 
m/s m m 
S S- s2 


Note that acceleradon tells us ho+ quickly the 0elociy changes, whereas 
Ðelocity tells us hot quickly the posilion changes. 


CONCEPTUAL EXAMPLE 2-5 


Velocity and acceleration. (ø) If the velocity 
of an object is zero, does it mean that the acceleration 1s zero? (5) If the 
accelerafion 1s zero, does 1t mean that the velocity 1s zero? Think of some examples. 


RESPONSE A zero velocity does not necessarily mean that the acceleration 
1S Zero, nor does a Zzero acceleration mean that the velocity 1s zero. (z) For 
example, when you put your foot on the gas pedal of your car which 1s at resf, 
the velocity starfs from zero but the acceleration 1s not zero since the velocIty 
of the car changes. (How else could your car start forward If is velocity weren't 
changing—that Is, accelerating?) (b) As you cruise along a straipht highway at 
a constant velocity of 100 km/h, your acceleration is zero: ø = 0,  # 0. 


Car slowing down. An automobile is moving to the right 
along a straight hiphway, which we choose to be the positive x axis (Fig. 2-11). 
Then the driver steps on the brakes. If the Initial velocity (when the driver h1ts 
the brakes) is ø¡ = 15.0m/s, and ¡t takes 5.0 s to slow down to; = 5.0 m/, 
what was the car's average acceleration? 


APPROACH We put the given Initial and final velocities, and the elapsed 
time, Into Eq. 2—4 for a. 
SOLUTION In Eq. 2-4, we call the Initial time í¡ = 0, and set í; = 5.05: 


s.. 5.0m/s — 15.0m/s `... 
53.05 
The negative sign appears because the final velocity 1s less than the inmitial velocity. 
In this case the direction of the acceleration 1s to the left (in the negative x direc- 
tion)—even thouph the velocity 1s always pointing to the right. We say that the 
acceleration is 2.0 m/s” to the left, and ït is shown in Eig. 2—11 as an orange arrow. 


Deceleration 


When an obJect 1s slowing down, we can say 1t is decelerafing. But be careful: 
deceleration does z#ø mean that the acceleration 1s necessarily negative. The 
velocity of an obJect moving to the right along the poSIfiVe x aXIS IS pOSItIv€; 
1ƒ the object 1s slowing down (as in Fig. 2—11), the acceleration ¡s negative. But 
the same car moving to the left (decreasing x), and slowing down, has posifive 
acceleration that points to the right, as shown In Eig. 2—12. We have a decelera- 
tion whenever the magnitude of the velocity 1s decreasing; thus the elocify 
and acceleration poimt in opposite đirecfions when there 1s deceleration. 


EXERCISE €_A car moves along the x axis. What is the sign of the car”s acceleration If 
1t is moving in the positive x direction with (2) increasing speed or (ð) decreasing 
speed? What is the sign of the acceleration 1f the car moves In the negative x direction 
with (c) Increasing speed or (đ) decreasing speed? 


@©cAurion 
Distinguish 0elocity from 
acceleration 


$*CAUTION 
lƒ0 or a is zero, is the other zero too? 


Acceleration 
at ñ =0 Ƒ—— 2 
0= 150m/s  #=~20m/S 
at f¿ = 5.05 
0 = 5.0 m/s 


FIGURE 2-11 Example 2-6, 

showing the position of the car at 
times í¡ and í;, as well as the car”S 
velocity represented by the øgreen 
arrows. The acceleration vector 
(orange) points to the left because the 
car slows down as It moves to the ripht. 


FIGURE 2-12 The car of 
Example 2-6, now moving to the /ef† 
and decelerating. The acceleration 1s 
a = (by T— Đị)/At, or 

(—5.0m/s) — (—15.0m/s) 


5.05 
—5.0m/s + 15.0m/s 2 
= 50s = +2.0m/5%“. 
Đạ = —5.0 m/s ị = -15.0 m/s 
= 
a 
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K— 


J4.quxa€Ở 


FIGURE 2-13 An accelerating 


motorcycle. 


€Â`*CAUTION 


Auerage 0elocily, but only iƒ 
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q = COHSÍAHE 


2—5 Motion at Constant Acceleration 


We now examine motion mm a straight line when the magnitude of the acceleration 
1S constant. In this case, the Instantaneous and average accelerations are equal. 
W©e use the defnitions of average velocity and acceleration to derive a set Of 
valuable equations that relate x, ø, z, and / when z 1s constant, allowing us to 
determine any one of these variables 1Ý we know the others. We can then solve 
many Interesting Problems. 

Notation in physics varies from book to book; and different instrucfors use 
different notation. We are now going to change our nofation, to simphify 1t a bit 
for our discussion here of motion at constant accelerafion. First we choose the 
1nifial time 1n any discussion to be zero, and we call It íạ. That 1s, í¡ = íạ = 0. 
(This ¡is effectively starting a stopwatch at íạ.) We can then let í¿ạ =f be the 
elapsed time. The initial position (x¡) and the initial velocity (œ¡) of an object 
wIll now be represented by xạ and œạ, since they represent x and ò at í = 0. At 
time í the position and velocity will be called x and ø (rather than x; and +;). 
The average velocity during the time Interval í — íạ will be (Eq. 2-2) 

Ax x—#%g #'— #u 

' Af t—Ífg f 
since we chose íạ = 0. The acceleration, assumed constant in time, is ø = A0/Af 
(Eq. 2-4), so 


Ụ= DI) 
f 
A common problem 1s to determine the velocity of an object after any elapsed 


time f, when we are given the obJect's constant acceleration. We can solve such 
problemsÏ by solving for œ ¡n the last cquation: first we multiply both sides by í, 


q = 


qÍ = Đ— Đụ OT Đ— Đọạ = di. 
Then, adding œụ to both sides, we obtain 
Đ = tạ + di. [constant acceleration] (2—6) 


If an object, such as a motorcycle (Eig. 2-13), starts from rest (œ = 0) and 
accelerates at 4.0m/s”, after an elapsed time £ = 6.0s its velocity will be 
ò =0+ aí = (4.0m/s”)(6.0s) = 24m/s. 

Next, let us see how to calculate the position x o an obJect after a time / when 
1t undergoes constant acceleration. The definition of average velocity (Eq. 2-2) 
is Ð = (x — xọ)/f, which we can rewrite by multiplying both sides by ứ: 

x = #g+ 0í. (2-7) 

Because the velocIty increases at a uniform rate, the average velocity, 2, wIll be 
midway between the inifial and final velocities: 


= DU) : 

.. [constant acceleration] (2-8) 
(Careful: Equation 2-8 1s not necessarily valid 1f the acceleration 1s not constant.) 
We combine the last two Equations with Eq. 2-6 and find, starting with Eq. 2-7, 


x = xạ † Uí 


ọ + ®Ð 
*ọg T HH - 


% T ®ạ + đf 
ta, | 
9) 


OF 
x = xọ + tpf + 34. [constant acceleration] (2-9) 


Equations 2-6, 2-8, and 2-9 are three of the four most useful equations for 
mofion at constant acceleration. We now derive the fourth equation, which 1s useful 


?Appendix A—4 summarizes simple algebraic manipulations. 


1n situations where the time í 1s not known. We substitute Eq. 2—8 Into Eq. 2—7: 
= Ð + ®ọ 
# = *Xạẹ+T UÍ = *xọ + 2 t¿ 


Next we solve Eq. 2-6 for f, obfaining (see Appendix A-4 for a quick review) 


#)-—cU 
L= 3 
q 


and subsftituting this Into the previous equatilon we have 


` Ð + Đe\ÍÐ — tụ „ Đ = Đố 
Ñ..=-Ä má ề 
0 2 q k 2a 


We solve this for øˆ and obtain 


0” = tí + 2a(x — xạ), [constant acceleration] (2-10) 
which 1s the other useful equation we sought. 

We now have four equatlons relating position, velocity, acceleration, and 
time, when the acceleration ø Is constant. We collect these kimnemafic equafions 
ƒor constanf accelerafion here in one place for future reference (the tan backpground 
screen emphasizes their usefulness): 


= Đọạ + đf [a = constant| (2-11a) 

= xụ + Đụf + 3af2 [ø = constant] (2-11h) 

ò? = tệ + 2a(x — xạ) [a = constant| (2-11c) 
+ 

Đ = —” [a = constant| (2-11d) 


These useful equations are not valid unless ø 1s a constant. Ín many cases we 
can set xạ = 0, and this simplifies the above equations a bịt. Note that x repre- 
senfs position (not distance), also that x — xụ 1s the displacement, and that / is the 
elapsed time. Equations 2-11 are useful also when z 1s approximately constant 
to obtain reasonable estimates. 


Runway design. You are designing an airport for small 
planes. One kind of airplane that might use this airfield must reach a speed 
before takeoff of at least 27.8 m/s (100 km/h), and can accelerate at 2.00 m/s”. 
(2) If the runway ¡s 150 m long, can this airplane reach the required speed for 
takeoff? (b) If not, what minimum length must the runway have? 


APPROACH Assuming the plane”s acceleration 1s constant, we use the kinematic 
equations for constant acceleration. In (2z), we want to find ø, and what we are 
ø1ven 1s shown 1n the Table in the margin. 


SOLUTION (øz) Of the above four equations, Eq. 2—11c will give us ø when 
we know œụạ, đ, x, and xạ: 


U? = tạ + 2a(x = *o) 


= 0 + 2(2.00m/s?)(150m) = 600 m?/s? 


 = \/600m”/s” = 24.5 m/s. 


Thịs runway length 1s of sufficlent, because the minimum speed 1s not reached. 
(b) Now we want to nd the minimum runway length, x — xọ, for a plane to reach 
ò = 27.8m/s, given ø = 2.00m/s”. We again use Eq. 2—11c, but rewritten as 


ĐỂ — Độ (27.8m/s)” — 0 
= = = = 193 
Œ— su) 2a 2(2.00 m/s?) = 


A 200-m runway 1s more appropriate for this plane. 


NOTE We did this Example as If the plane were a particle, so we round off 
our answer to 200m. 


Kinematic equaflons 
for constant acceleration 


(+0e”]I use them a lot) 


@ÒPHvsics APPLIED 
Airport design 


Known 'Wanted 
*o= 0 Ð 
ọ = 0 
x= 150m 
a = 2.00m/3$F 


jỂ| pnosLEM SOLVING 


Equatlons 2—]] are 0alid only tuhen 


the acceleration is constant, t0hich tue 


assume in this Example 
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EXERCGISE D A car starts from rest and accelerates at a constant 10m/s” during a 
+mile (402m) race. How fast is the car going at the finish line? (z) 8040 m/s; 
(b) 90 m/s; (c) 81 m/s; (đ) 804 m/s. 


2-6 Solving Problems 


Before doing more worked-out Examples, let us look at how to approach problem 
solving. First, It 1s Important to note that physIcs 1s ø a collection oŸ equations to 
be memorized. Simply searching for an equation that might work can lead you 
(to a wrong result and will not help you understand physics (Fig. 2-14). 
A better approach is to use the following (rough) procedure, which we present as 
a special “Problem Solving Strategy.” (Other such Problem Solving Strategles 


will be found throughout the book.) 


FIGURE 2-14 Read the book, study 
carefully, and work the Problems using 
your reasoning abilities. 


1. Read and reread the whole problem carefully before 


trying to solve 1t. 


„ Decide what objeef (or objects) you are going to 
study, and for what time interval. You can often 
choose the Initial time to be / = 0. 


‹Ổ Draw a điagram or picture of the situation, with 
coordinate axes wherever applicable. [You can place 
the origin of coordinates and the axes wherever you 
like to make your calculations easier. You also choose 
which direction 1s posifive and which 1s negafive. 
Usually we choose the x axis to the ripht as positive.] 


„ Wrife down what quantifies are “known” or “øiven,” 
and then what you 20a to know. Consider quan- 
tiles both at the beginning and at the end of the 
chosen time Interval. You may need to “translate” 
language into physical terms, such as “starts [from 
resf” means œạ; = 0. 


‹ Think about which principles of physics apply In 
this problem. se common sense and your own 
experiences. Then plan an approach. 


‹ Consider which equafions (and/or definitlons) relate 
the quantfities involved. Before using them, be sure 
their range of validity includes your problem (for 
example, Eqs. 2—11 are valid only when the accel- 
eraton is constant). IfÝ you find an applicable 


equation that involves only known quantities and 
one desired unknown, solve the equation alge- 
braically for the unknown. Sometimes several 
sequential calculations, or a combination of equa- 
tions, may be needed. It is often preferable to solve 
alpgebraically for the desired unknown before 
putfing in numerical values. 


„ Carry out the caleulation 1Í it is a numerical problem. 


Keep one or two extra digits during the calculations, 
but round off the ñnal answer(s) to the correct number 
OÝ significant figures (Section 1-4). 


. Think carefully about the result you obtfaIn: ls 1t 


reasonable? Does it make sense according to your 
own Infuition and experience? A good check 1s to 
do a rouph esftimafe using only powers of 10, as 
discussed In Section 1—7. Often It 1s preferable to 
do a rough estimate at the sízrí of a numerical 
problem because it can help you focus your 
attention on finding a path toward a solution. 


. A very Iimportant aspect of doïing problems 1s keep- 


Ing track of unifs. An equals sign implies the units on 
cach side must be the same, Just as the numbers must. 
lf the units do not balance, a mistake has been 
made. This can serve as a check on your solution 
(but it only tells you 1ƒ you re wrong, not IŸ youre 
ripht). Always use a consistent set of unIts. 
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EXAMPLE 2-8 | Acceleration of a car. How long does it take a car tO croSS # PROBLEM SOLVING 
a 30.0-m-wide 1nfersection after the light turns green, 1f the car accelerates [fom_ “5⁄21g ƒroứn resf”medis 
rest at a constant 2.00 m/s”? 0= 0 đi t =0 [¿e, tạ = UỊ 
APPROACH We follow the Problem Solving Strategy on the previous page, 
step by step. 
SOLUTION 
1. Reread the problem. Be sure you understand what 1t asks for (here, a time 

interval: “how long does 1t take”). 


2. The object under study 1s the car. We need to choose the time inferval 
during which we look at the cars motion: we choose /£ = 0, the Initial time, 8 
to be the moment the car starts to accelerate from rest (œạ = 0); the time £ xạ=0 x= 
is the instant the car has traveled the full 30.0-m width of the intersection. 0ọ =0 30.0m 

3. Draw a diagram: the situation 1s shown 1n Eig. 2—15, where the car ¡sshown FIGURE 2-15 Example 2-8. 
moving along the positive x axis. We choose xạ = Ú at the front bumper of 
the car before 1t starts to move. 


4. The “knowns” and the “wanted” information are shown 1n the Table in the Known Wanted 
margin. Note that “starting from rest” means œ = 0Ú at ƒ = Ú; thatis, = Ú. xạ= 0 f 
The wantecd time í 1s how long 1t takes the car to travel 30.0 m. x= 300m 


5. The physics: the car, starting from Test (at Íg= 0), increases in speed asit  # = 200m/ s“ 
covers more distance. The acceleration is constant, so we can use thekine- 0= 9 
matic equations, Eqs. 2—11. 


6. Equatfions: we want to find the time, given the distance and acceleration; 
Eq. 2-11b 1s perfect since the only unknown quantity 1s. Setting øạ = 0 
and xạ = 0 in Eq.2-11b (x = xạ + ụf + 2a/?), we have 
#= 3d. 

We solve for ƒ by multiplying both sides by = 
2x 
a 


= É. 


Taking the square rootf, we get í: 


9 
f — —= 
Va 


7. The calculafion: 


2(30.0m 
r= 2# - ) — sư, 
qa 2.00 m/s7 


Thịs 1s our answer. Note that the unifs come out corTrectÏy. 


8. We can check the reasonableness of the answer by doing an alternate calcu- l£ PROBLEM SOLVING 
lation: we first find the fñinal velocIty Check your ansuuer 


øò = af = (2.00m/?)(5.48s) = 10.96m/s, 
and then find the dđistance traveled 


x = xạ+?í = 0+š(10.96m/s + 0)(5.48s) = 30.0m, 


which checks with our given distance. 
9. We checked the unifs in step 7, and they came out correctly (seconds). 


NOTE In steps 6 and 7, when we took the square root, we should have written 

t = +V⁄2x/a = +5.48s. Mathematically there are two solutions. But the 

second solution, ƒ = —5.48s, 1s a time Đeƒfore our chosen time mnterval and £ PROBLEM SOLVING 
makes no sense physically. We say 1t 1s “unphysical” and 1gnore 1t. “Unphysical” solhutions 


We explictly followed the steps of the Problem Solving Strategy 1n 
Example 2-8. In upcoming Examples, we will use our usual “Approach” and 
“Solution” to avoid being wordy. 
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FIGURE 2-16 Example 2-9: 


stopping distance for a 
braking car. 


€@ÒpHvysics APPLIED 
Car stopping distances 


Part I1: Reaction từme 


Known 'Wanted 
£ = 0.5505 x 
ọ = 14m/s 
œ= 14m/s 
a=0 
*o— 0 


Part 2: Braking 


Known Wanted 
xo = 7.0m x 
%ọ = 14m/s 
=0 
a = —6.0m/S” 


FIGURE 2-17 Example 2-9. 
Graph 0Ÿ 0 vs. f. 


05 10 15 20 245 
f(S) 


== : `Š `———_——.... âm 
_& Travel during — &§&ESs». Travel during toc n 


Le củ” time braking 


" " 
® = consfant = l4 m/s ? decreases from 14 m/s to zero 
£=0.50s a = —6.0m⁄s2 
a=0 


Braking distances. Estimate the mininum 
stopping distance for a car, which 1s Important for traffic safety and traffic design. 
The problem 1s best dealt with in two parts, two separate time Intervals. (1) The 
first time 1nterval begins when the driver decides to hit the brakes, and ends 
when the foot touches the brake pedal. Thĩs 1s the “reaction time” during which 
the speed is constant, so ø = 0. (2) The second time ¡nterval 1s the actual 
braking period when the vehicle slows down (z # 0) and comes to a stop. The 
stopping distance depends on the reaction time of the driver, the 1mtial speed of 
the car (the final speed 1s zero), and the deceleration of the car. For a dry road 
and good tires, good brakes can decelerate a car at a rate of about 5 m/s” to 
§m/s. Calculate the total stopping distance for an initial velocity of 50 km/h 
(= 14m/s x 31 mi/h) and assume the acceleration of the car is —6.0m/s7 
(the minus sign appears because the velocity 1s taken to be In the posItive 
x direction and its magnitude is decreasing). Reaction time for normal drivers 
varles from perhaps 0.3 s to about 1.0s; take 1t to be 0.50 s. 


APPROACH During the “reaction time,” part (1), the car moves at consfanf 
speed of 14 m/s, so a = 0. Once the brakes are applied, part (2), the acceler- 
ation is a = —6.0m/s” and is constant over this time interval. For both parts 
đ 1S consftant, so we can use Eqs. 2-11. 


SOLUTION Part (1). We take xạ = 0Ö for the first trme interval, when the driver 
1s reacting (0.50s): the car travels at a constant speed of 14m/s so a= 0. 
See Eig. 2-16 and the Table in the margin. To find x, the position of the car 
at £ = 0.50s (when the brakes are applied), we cannot use Eq. 2—11c because 
x 1s multiphed by a, which 1s zero. But Eq. 2—11b works: 

x = ®œ% +0 = (14m/s)(0.50s) = 7.0m. 
Thus the car travels 7.0m during the driver”s reaction time, until the mmstant 
the brakes are applied. We will use this result as input to part (2). 
Part (2). During the second time Interval, the brakes are applied and the car Is 
broupht to rest. The Immitial position is xạ = 7.0m (result of part (1)), and other 
variables are shown 1n the second Table 1n the margin. Equation 2—11a doesn't 
contam x; Eq. 2-11b contains x but also the unknown í. Equation 2-11c, 
0? — Độ = 2a(x — xạ), is what we want; after setting xạ = 7.0m, we solve 
for x, the final position of the car (when it stops): 


— h U? — tỹ 
- = *o PP 
0 — (14m/s)° = 2/s2 
“.a.. n6... nẽ. co 
2(—6.0 m/s”) —12m/s° 


= 70m + lóm = 23m. 


The car traveled 7.0m while the driver was reacting and another 16m during 
the braking period before coming to a stop, for a total distance traveled of 
23m. FEigure 2-17 shows a graph of 0 vs. í: 1s constant from í = 0 until 
£ = 0.50, and after f = 0.50s 1t decreases linearly to zero. 


NOTE From the equation above for x, we see that the stopping distance after 
the driver hit the brakes (= x — xọ) increases with the sguare of the initial 
speed, not jJust lnearly with speed. IỶ you are traveling twice as fast, 1t takes 
four times the distance to stop. 
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FIGURE 2-18 Painting of Galileo demonstrating to the Grand Duke of Tuscany 
his areument for the action of gravity being uniform acceleration. He used an inclined 
plane to slow down the action. A ball rolling down the plane still accelerafes. 
Tìny bells placed at equal distances along the inclined plane would ring at shorter 
time Intervals as the ball “fell,” indicating that the speed was Increasing. 


2—¿ Freely Falling Objects 


One of the most common examples of uniformly accelerated motion 1s that of 
an object allowed to fall freely near the Earth's surface. That a falling obJject 1s 
accelerating may not be obvious at first. And beware of thinking, as was widely 
believed before the time of Galileo (Fig. 2-18), that heavier objects fall faster 
than lighter objects and that the speed of fall 1s proportional to how heavy the 
oblJect 1s. 7e speed öoŸa ƒalling object is not proporfiondl to is mass. 

Galileo made use of his new technique oŸ imagining what would happen in 
Iidealized (simplified) cases. For free fall, he postulated that al! objecfs +uould 
ƒall tuih the same constant acceleration in the absence öŸ dir or other resistance. 
He showed that this postulate predicts that for an object falling from rest, the 
distance traveled will be proportional to the square of the time (Fig. 2—19); that 
is, d œ f”. We can see this from Eq. 2—11b for constant acceleration; but Galileo 
was the first to derive this mathematical relation. 

To support his claim that falling obJects Increase 1n speed as they fall, 
Galileo made use of a clever argument: a heavy stone dropped from a height of 
2m will drive a stake Into the ground much further than wIll the same stone 
dropped from a height of only 0.2m. Clearly, the stone must be moving faster 
1n the former case. 

Galileo claimed that aÏƒ obJects, hpht or heavy, fall with the sưme accel- 
eration, at least in the absence of ar. If you hold a plece of paper flat and 
hor1zontal in one hand, and a heavier obJect like a baseball in the other, and 
release them at the same time as in Eig. 2—20a, the heavier objJect wIll reach the 
ground ñrst. But 1 you repeat the experiment, this time crumpling the paper 
Iinto a small wad, you wIll fñnd (see Fig. 2-20b) that the two objects reach the floor 
at nearly the same time. 

Galileo was sure that air acts as a resistance to very lipht obJects that have 
a large surface area. But in many ordinary circumstances this alr resistance 1s 
negligible. In a chamber from which the air has been removed, even light 
obJects like a feather or a hor1zontally held piece of paper will fall with the 
same acceleration as any other object (see Fig. 2-21). Such a demonstration in 
vacuum was not possible in Galileo”s time, whích makes Galileo's achievement 
all the greater. Galileo 1s often called the “father of modern sclence,” not only 
for the conmfenf of his sclence (astronomical discoveries, Inertia, free fall) but 
also for his new methods of đøing selence (idealization and simplification, mathe- 
matization of theory, theorles that have testable consequences, experimenfs fO test 
theoretical predictions). 


FIGURE 2-19 Multiflash photopraph 
of a falling apple, at equal time 
Iintervals. The apple falls farther 
during each successive Interval, 
which means 1t is accelerating. 


tờ 


ô ô 
a) #!|& ) “| 


FIGURE 2-20 (a) A ball and a lipht 
plece of paper are dropped at the 
same time. (b) Repeated, with the 
paper wadded up. 


FIGURE 2-21 A rock and a feather 
are dropped simultaneously 
(a) in aïr, (b) in a vacuum. 


(a) (b) 
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# PROBLEM SOLVING 


You can choose y to be posifiue 
either up or don 


FIGURE 2-22 Example 2-10. (a) An 
object dropped from a tower falls 
with progressively øreater speed 

and covers øreater distance with 
each successive second. (See also 
Fig. 2-19.) (b) Graph of y vs. í. 


Acceleration : 
due to 
ØTaVvIty 


(After 1.00 s) 


| `: y;= 19.6m 
+y (After 2.00 s) 
®ya=44.Im 


(After 3.00 s) 


(a) 


Galileo's specific contribution to our understanding of the motion of falling 
objects can be summar1zed as follows: 


af a given locafion on the Earth and in the absence of air resistance, all 
objecfs fall with the same consfant accelerafion. 


We call this acceleration the accelerafion due fo gravify at the surface of the 
Earth, and we give 1t the symbol ø. Its magnitude 1s approximately 


ø = 9.80m /81. . đue to Phi | 


at surface of Earth 


In British units ø is about 32ft/s”. Actually, ø varies slightly according to lati- 
tude and elevation on the Earth”s surface, but these varlations are so small that 
we WIll Ignore them for most purposes. (Acceleration of gravity in space beyond 
the Earth's surface is treated in Chapter 5.) The effects Of alr resistance are 
often small, and we wïll neglect them for the most part. However, air resistance 
wIll be noticeable even on a reasonably heavy oblect 1f the velocity becomes 
large.” Acceleration due to gravity is a vector, as is any acceleration, and its 
direction 1s downward toward the center of the Earth. 

When dealing with freely falling obJects we can make use of Eqs. 2-11, 
where for z we use the value of ø gIven above. Also, since the motion 1s vertical 
we will substitute y In place of x, and yạ In place of xạ. We take yụọ = 0 unless 
otherwise specified. J ¡s arbifrary +0hether tue choose y to be posiiue in the 
up+0ard direction or tim the dotuunuard direcHton; but t0e must be consistent about 
1 throughout a problem s solution. 


EXERCISE E Return to the Chapter-Opening Question, page 21, and answer I( again 
now, assuming minimal air resistance. Try to explain why you may have answered 
differently the first time. 


EXAMPLE 2-10 | Falling from a tower. Suppose that a ball is dropped 
(=0) from a tower. How far will it have fallen after a time í;¡ = 1.005, 
f; = 2.00s, and í; = 3.00s? Ignore alr resistance. 


APPROACH Let us take y as positive downward, so the acceleration 1s 
a=g= +9.80m/s”“. We set œ = 0 and yọ =0. We want to fïnd the posi- 
tion y of the ball after three different time Intervals. Equation 2-11b, with 
x replaced by y, relates the given quanfities (f, ø, and ạ) to the unknown ÿy. 


SOLUTION We set í = í¡ = 1.00s in Eq.2-1I1b: 
yị = tạ + 2af 
= 0+ ;z/? = ;(9.80m/s2)(1.00s)? = 4.90m. 


The ball has fallen a distance of 4.90m during the time mnterval í =0 to 
íị = 1.00s. Similarly, after 2.00 s (= í;), the ball's position is 


w = 34/3 = 5(9.80m/s2)(2.00s)? = 19.6m. 
Einally, after 3.00 s (= ;), the balls position is (see Eig. 2-22) 
w = ;afi = ;(9.80m/s?)(3.00s)? = 44.1m. 


NOTE Whenever we say “dropped,” it means œ = 0. Note also the graph of 
y vs. f (Fig. 2-22b): the curve Is not straipht but bends upward because y 1s 
proportional to /Ẻ. 


The speed of an object falling in air (or other fluid) does not increase indefinitely. If the object falls 
far enough, it will reach a maximum velocity called the terminal velocity due to air resistance. 
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EXAMPLE 2-11 


y= Đạt + 3af? 
As expected, the ball falls farther each second than 1Ý it were dropped with 


(b) The velocity is obtained from Edq. 2-11a: 


In Example 2-10, when the ball was dropped (œ = 0), the first term (0) in 
these equaflons was ZerO, SO 


NOTE For both Examples 2—10 and 2—11, the speed increases linearly in time by 
9.80 m/s during each second. But the speed of the downwardly thrown ball at 
any instant is always 3.00 m/Ss (its initial speed) higher than that of a dropped ball. 


EXAMPLE 2-12 


a1r resIsftance. 


APPROACH We are not concerned here with the throwing action, but only 
with the motion of the ball a/ier it leaves the thrower”s hand (Fig. 2-23) and 
until 1t comes back to the hand again. Let us choose y to be positive 1n the 
upward direction and negative in the downward direction. (Thịs is a different 
convenfion from that used in Examples 2—10 and 2-11, and so 1llustrates our 
optlons.) The acceleration due to gravity 1s downward and so will have a nega- 
tive sign, a = —g = —9.80m/S”. As the ball rises, its speed decreases until ït 
reaches the hiphest point (B in Fig. 2-23), where 1s speed 1s Zzero for an 
Iinstant; then 1t descends, with Increasing speed. 


SOLUTION We consider the time interval from when the ball leaves the 
throwers hand until the ball reaches the highest point. To determine the 
maximum height, we calculate the position of the ball when its velocity equals 
zero (0 =0 at the highest point). At f =0 (point A in Eig. 2-23) we have 
yọ= 0, ®ạ = 15.0m/s, and ø= —9.80m/S”. At time / (maximum height), 
ò=0, a= —9.80m/sỈ, and we wish to find y. We use Eq. 2-11c, replacing x 
with y: ” = § + 2ay. We solve this equation for y: 


The ball reaches a height of 11.5 m above the hand. 


Thrown down from a tower. Suppose the ball In 
Example 2—10 is /hro+on downward with an initial velocity of 3.00 m/s, instead of 
being dropped. (z) What then would be its position after 1.00 s and 2.00 s2? 
(5) What would ifs speed be after 1.00 s and 2.00 s? Compare with the speeds 
of a dropped ball. 


APPROACH Again we use Eq. 2-l1Ib, but now 0%; IS nO{ Z€TO, I( 1S 
ọ = 3.00 m/s. 
SOLUTION (a) At í¡ = 1.00s, the position of the ball as given by Eq. 2—11b is 


y= ?ạọf + saf = (3.00m/s)(1.00s) + ÿ(9.80m/s?)(1.00s)7 = 7.90m. 
At í; = 2.00s (time mterval ƒ = 0 to f = 2.00$), the position 1s 
(3.00 m/s)(2.00s) + š(9.80 m/s?)(2.00 s)? 


3.00 m/s + (9.80 m/s”)(1.00s) 
3.00m/s + (9.80 m/s”)(2.00 s) 


(9.80 m/s”)(1.00 s) 
(9.80 m/s”)(2.00 s) 


FIGURE 2-23 An object thrown 
I1nto the air leaves the thrower”s 
hand at A, reaches its maximum 
heipht at B, and returns to the 
Original position at C. 

Examples 2—12, 2—13, 2—14, and 2-15. 


Ball thrown upward. A person throws a ball up+0ard 
into the air with an initial velocity of 15.0 m/s. Calculate how hiph it goes. Ignore 


0 — (15.0m/s)? 
2(—980m/9) _ 
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FIGURE 2-23 (Repeated.) 

An object thrown Into the aIr leaves 
the thrower”s hand at A, reaches Its 
maximum heipht at B, and returns 
to the original position at C. 


Examples 2—12, 2—13, 2—14, and 2-15. 


$*CAUTION 
Quadratic equations haue ftuo 
SOlutions. Sometimes onÌy one 
corresponds to reality, 
sometimes both 


S$Š*€CAUTION 
(1) Velocity and acceleration are 
not ahuays in the same direction; 
the acceleration (oƒ grauify) ahuays 
poinfs dotun 
(2) a # 0 cuen at the highest point 
oƒa trajectory 


EXAMPLE 2-13 | Ball thrown upward, II. In Fig.2-23, Example 2—12, how 
long 1s the ball in the air before 1t comes back to the hand? 


APPROACH We need to choose a time interval to calculate how long the 
ball 1s in the air before 1t returns to the hand. We could do this calculation 
1n two parts by first determining the time required for the ball to reach 1s 
hiphest point, and then determining the time 1t takes to fall back down. 
However, it is simpler to consider the time interval for the entire motion from 
A to Bto C (Fig. 2-23) in one step and use Eq. 2—11b. We can do this because 
y 1S posifion or đisplacement, and not the total distance traveled. Thus, at both 
points A and C, y = 0. 


SOLUTION We use Eq.2—11b with a = —9.80m/s” and find 
y= + tí + ÿaf? 
0 = 0+ (15.0m/s)f + ;(—9.80 m/s?)/2. 

This equation can be factored (we factor out one f): 
(15.0m/s — 4.90m/§?/)£ = 0. 


There are two solutIons: 


The first solution (í = 0) corresponds to the Initial point (A) in Hig. 2-23, 
when the ball was first thrown from y = 0. The second solution, f = 3.06 s, 
corresponds to point C, when the ball has returnedto y = 0. Thus the ball is 
1n the alr 3.06 s. 


NOTE We have ignored aïr resistance In these last two Examples, which could 
be sigmificanf, so our result 1s only an approximation to a real, practical situation. 


W© did not consider the throwing action in these Examples. Why? Because during 
the throw, the thrower”s hand 1s touching the ball and accelerating the ball at a 
rate unknown to us—the acceleration 1s 0ø ø. We consider only the time when 
the ball is in the air and the acceleration is equal to ø. 

Every quadratic equation (where the variable is squared) mathematically 
produces two solutions. In physics, sometimes only one solution corresponds to 
the real situation, as in Example 2-8, in which case we Ignore the “unphysical” 
solution. But in Example 2-13, both solutions to our equation ïn / are physi- 
cally meaningful: / = 0 and í = 3.06 s. 


examples to show the error in these two common misconceptions: (1) that 
acceleration and velocity are always in the same direction, and (2) that 
an object thrown upward has zero acceleration at the hiphest point (B in 
Fig. 2-23). 


Two possible misconceptions. Give 


RESPONSE Both are wrong. (1) Velocity and acceleration are of necessariÌy 
in the same direction. When the ball in Hig. 2-23 1s moving upward, 1fs 
velocity 1s positive (upward), whereas the acceleration ¡1s negative (down- 
ward). (2) At the highest point (B in Fig. 2-23), the ball has zero velocity for 
an Instant. Is the acceleration also zero at this point? No. The velocity near 
the top of the arc points upward, then becomes zero for an instant (zero time) at 
the hiphest point, and then points downward. Gravity does not stop acting, so 
a= —g = —9.80m/s” even there. Thinking that ø = 0 at point B would lead 
to the conclusion that upon reaching point B, the ball would stay there: 1f the 
acceleration ( = rateof change of velocity) were zero, the velocity would stay 
zero at the highest point, and the ball would stay up there without falling. 
Remember: the acceleration of gravity always points down toward the Earth, even 
when the obJect is moving up. 
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Ball thrown upward, II. Let us consider again the ball 
thrown upward of Examples 2—12 and 2—13, and make more calculations. Calculate 
(z) how much time 1t takes for the ball to reach the maximum height (point B in 
Fig. 2-23), and (0) the velocity of the ball when it returns to the thrower”s hand 
(point C). 

APPROACH Again we assume the acceleration 1s constant, so we can use 
Eqs. 2-11. We have the maximum height of 11.5 m and initial speed of 15.0 m/s 
from Example 2-12. Again we take y as positive upward. 


SOLUTION (z) We consider the time interval between the throw ( =0, 
ø = 15.0 m/$) and the top of the path (y = +11.5m, =0), and we want 
to find /. The acceleration is constant at a= —g = —9.80m/s°. Both 
Eqs. 2—-11a and 2—11b contain the time í with other quantities known. Let us 
use Eq.2-11a with a = —9.80m/S, œạ = 15.0m/s, and =0: 


0= ®ọạ + af; 
seting  = 0 gIves 0 = œạ + af, which we rearrange to solve Íor f: af = —%ạ 
or 
® 
t mm 
a 
15.0m/s 
— / ;= lận 
—9.80 m/s 


Thịs 1s Just half the time 1t takes the ball to go up and fall back to 1s original 
position [3.06 s, calculated in Example 2-13]. Thus it takes the same time to 
reach the maximum heipht as to fall back to the starting point. 

(b) Now we consider the time interval from the throw (f = 0, » = 15.0m/S) 
until the ball's return to the hand, which occurs at f = 3.06s (as calculated in 
Example 2-13), and we want to find » when í = 3.06 s: 


0= ®ọ + đfÍ 
= 15.0m/s — (9.80m/s?)(3.06s) = —15.0m/s. 


NOTE The ball has the same speed (magnitude of velocity) when 1t returns to 
the sfarting point as it did initially, but in the opposite direction (this 1s the 
meaning of the negative sign). And, as we saw In part (2), the time 1s the same 
up as down. Thus the motion 1s synefrical about the maximum heipht. 


The acceleration of obJects such as rocketfs and fast airplanes 1s often g1ven as 
a multiple of g = 9.80m/s”. For example, a plane pulling out of a dive 
(see Fig. 2-24) and undergoing 3.00gs would have an acceleraton of 
(3.00)(9.80 m/s”) = 29.4 m/s?. 
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Acceleration in g3 


FIGURE 2-24 Sevcral planes, in 
formation, are just coming out of a 
downward dive. 
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FIGURE 2-25 Example 2-16. 

(a) A person stands on the edse 
of a clHíf. A ball is thrown upward, 
then falls back down past the 
thrower to the base of the c]Iff, 
50.0m below. (b) The y vs. / praph. 


$*CAUTION 
Sometimes a solution to a 
quadratic equation does not 
appÙy to the actual physical 
conditions oƒthe Problem 


EXERCISE F Two balls are thrown from a chíf. One ¡is thrown directly up, the other 
directly down. Both balls have the same Initial speed, and both hit the ground below the 
cliff but at different times. Which ball hits the ground at the greater speed: (z) the ball 
thrown upward, (b) the ball thrown downward, or (c) both the same? Ignore air resistance. 


Additdonal Example—Using the Quadratic Formula 


Ball thrown upward at edge of cliff. Suppose that the 
person of Examples 2-12, 2-13, and 2-15 throws the ball upward at 
15.0 m/s while standing on the edge of a cliff, so that the ball can fall to the 
base of the cliff 50.0 m below, as shown in Eig. 2—-25a. (z) How long does 1f 
take the ball to reach the base of the cliff? (5) What is the total distance trav- 
eled by the ball? Ignore aïr resistance (likely to be significant, so our resulf 1s an 
approximation). 

APPROACH We again use Eq.2—11b, with y as + upward, but this time we set 
y = —50.0m, the bottom of the cliff, which 1s 50.0 m below the Initial position 
(yạ = 0); hence the minus sign. 

SOLUTION (2z) We use Edq. 2-11b with a= —9.80m/s, œạ = 15.0m/S, 
yọ= 0, and y= —50.0m: 


y = ÿọ † Đẹf + 1. 
—50.0m = 0 + (15.0m/s) — (9.80 m/s?)/?. 


To solve any quadratic equation of the form 
af + bí +ec= 0, 


where ø, b, and c are constants (ø is „of acceleration here), we use the quadrafic 
formula (see Appendix A-4): 


We rewrite our y equation just above in standard form, øíf” + bí + c = Ô: 
(4.90 m/s?)? — (15.0m/s)/ — (500m) = 0. 
Using the quadratic formula, we find as solutions 


ft = 5.07s 
and 


t = —2.01s. 


The first solution, f = 5.07s, 1s the answer we are seeking: the time 1t takes 
the ball to rise to 1ts highest point and then fall to the base of the clHff. To rise 
and fall back to the top of the clff took 3.06 s (Example 2-13); so 1t took 
an additional 2.01 s to fall to the base. But what 1s the meaning of the other 
solution, f = —2.01s? This 1s a time before the throw, when our calculation 
begins, so 1t Isnt relevant here. It is oufside our chosen time Interval, and so 1s 
an nphysical solution (also in Example 2—8). 

(b) From Example 2-12, the ball moves up 11.5 m, falls 11.5 m back down to 
the top of the clff, and then down another 50.0 m to the base of the chff, for a 
total distance traveled of 73.0m. [Note that the đisplacermenf, however, Wwas 
—50.0m.] Eigure 2-25b shows the y vs. £ praph for this situation. 
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2—8 Graphical Analysis of Linear Motion 


Velocity as Slope 


Analysis oŸ motion using graphs can give us additional msight Into kinematics. 
Let us draw a graph of x vs. f, making the chotce that at í = 0, the posiftion of an 
objectis x = 0, and the object is moving at a constant velocity, ø = ø = 11 m/s 
(40 km/h). Our graph starts at x = 0, f£=0 (the origin). The graph of the 
pOosition increases linearly in time because, by Eq. 2-2, Âx = øAíf and 0 1s a 
consftant. So the graph of x vs. / 1s a straight line, as shown in Fig. 2-26. The 
small (shaded) triangle on the graph indicates the slope of the straipht line: 


Ax 

Af 

We see, using the definition of average velocity (Eq. 2-2), that the siope öƒ the 
x Ðs. Í graph ¡s equal to the 0elocity. And, as can be seen from the small triangle 
on the graph, Ax/Af = (11m)/(1.0s) = 11m/s, which ¡s the given velocity. 

Tf the obJect's velocity changes 1n time, we might have an x vs.  praph like 
that shown in Fig. 2-27. (Note that this graph is different from showing the 
“path” of an object on an x vs. y plot.) Suppose the object 1s at position xị 
at time í¡, and at position +; at time í;. P¡ and P; represent these two poinfs on 
the graph. A straipht line drawn from point P\ my h) to point Đ›(x;, t;) 
forms the hypotenuse of a ripht triangle whose sides are Ax and A7. The 
rato Ax/Af ¡is the slope of the straight line P,P;. But Ax/Af ¡is also the 
average velocity of the obJect during the time Iinterval Af = í;¿ — í¡. Therefore, 
we conclude that the auerage 0elocity oƒ an object during any từne imterual 
Af = ft; — fị is cqual to the slope oƒ the straight line (or chorđ) connecting the two 
points (x¡, f¡) and (x;, f;) on an x vs. £ graph. 

Consider now a time Intermediate between í¡ and í;, call 1t f;, at which moment 
the object is at x: (Eip. 2-28). The slope of the straipht line P\ P; is less than the slope 
Of P¡P;. Thus the average velocity during the time Interval ís — í¡ 1s less than 
during the time Interval í; — í¡. 


slope = 
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FIGURE 2-26 Graph of position vs. 
time for an object moving at a 
constant velocity of 11 m/s. 


FIGURE 2-27 Graph of an object”s 
position x vs. time í. The slope of 
the straipht line P\ P› represents the 
average velocity of the object during 
the time Interval Àf = í;¿ — í. 


FIGURE 2-28 Same position vs. time curve 


as In Fig. 2-27. Note that the average 
velocity over the time interval í4 — í¡ 
(which ïs the slope of P Pa) is less than the 
average velocity over the time Interval 

f; — í¡. The slope of the line tangent 

to the curve at point P¡ equals the 
Instantaneous velocity at time í¡. 


Next let us take poInt P; In Fig. 2-28 to be closer and closer to point Pị. 
That 1s, we let the interval ƒ; — í¡, which we now call Af, to become smaller and 
smaller. The slope of the line connecting the two points becomes closer and 
closer to the slope of a line tangenf' to the curve at point P¡. The average 
velocity (equal to the slope of the chord) thus approaches the slope of 
the tangent at point P¡. The definition of the instantaneous velocity (Eq. 2-3) 1s 
the hmiting value of the average velocity as Af approaches zero. Thus the 
instantaneous 0elociy equals the slope öŸ the tangemt to the curue oŸ x 0s. Í at any 
chosen point (which we can simply call “the slope of the curve” at that poïnt). 


jỂ|pnosLEM SOLVING 


Velocity equals slope ðøƒ 
x Đs. Í graph af any instant 


The tangent is a straight line that touches the curve only at the one chosen point, without passing 
across or through the curve at that poïnt. 
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FIGURE 2-29 Same x vs. ƒ curve as in 

Figs. 2-27 and 2-28, but here showing the slope 
at four different points: At P¿, the slope 1s zero, 
so 0= 0. ALP; the slope 1s negative, so  < 0. 


FIGURE 2-30 A sraph of velocity 
vs. time í. The average acceleration 
Over a time Interval Af = í; — í¡ 1S 
the slope of the straipht hne PịP;: 
a = A0/At. The instantaneous 
acceleration at time í 1s the sÌlope of 
the 0? vs. ƒ curve at that instant. 


Slope of PP; is average 
acceleration during Af = í› — í 


Slope of tangent 
1S Instantaneous 
acceleration at í¡ 


f(S) 


We can obftain the velocity of an oblJect at any Instant from 1s graph Of x vs. ƒ. 
For example, In Eig. 2—29 (which shows the same graph as m Figs. 2—27 and 2—2§), as 
our obJect moves from xị to x;, the slope continually increases, so the velocIty 1s 
Increasing. For times after í;, the slope begins to decrease and reaches zero ( = 0) 
where x has Its maximum value, at point Pin Eig. 2-29. Beyond point P¿, the 
slope 1s negative, as for point P;. The velocity 1s therefore negative, which 
makes sense since x 1s now decreasing——the particle 1s moving toward decreasing 
values o x, to the left on a standard xy plot. 


Slope and Acceleration 


W© can also draw a graph of the øelocify, 0, vs. time, f, as shown 1n Hig. 2-30. Then the 
averaøe acceleration over a time Interval Af = í; — í¡ 1s represented by the slope 
of the straight line connecting the two points P¡ and P; as shown. [Compare this to 
the position vs. time graph of Fig. 2-27 for which the slope of the straipht line 
represenfs the average velocity.] The instantaneous acceleration at any time, say í¡, 
1s the slope of the tangent to the œ vs.  curve at that time, which 1s also shown 1n 
Hig. 2-30. Using this fact for the situation graphed In Fig. 2-30, as we go from 
time í¡ to time í; the velocity continually Iincreases, but the acceleration (the rafe at 
which the velocity changes) 1s decreasing since the slope of the curve 1s decreasing. 


CONCEPTUAL EXAMIPLE 2-17 | Analyzing with graphs. Figure 2-31 


shows the velocity as a function of time for two cars accelerating from 0Ö to 
100 km/ñh in a time of 10.0 s. Compare (4) the average acceleration; (b) the 
Iinstantaneous acceleration; and (c) the total distance traveled for the two cars. 


RESPONSE (2) Average acceleration ¡is Ao/Aí. Both cars have the same 
Ao (100 km/h) over the same time interval Af = 10.0, so the average acceleration 
1s the same for both cars. (b) Instantaneous acceleration ¡s the slope of the tangent 
to the œ vs. f curve. For the first 4s or so, the top curve (car A) 1s steeper than the 
bottom curve, so car A has a greater acceleration during this Interval. The 
bottom curve 1s steeper during the last 6 s, so car B has the larger acceleration 
for this period. (c) Except at f = 0 and í = 10.0s, car A is always going 
faster than car B. Since It 1s going faster, 1t wIll go farther In the same time. 


 Summary 


[The Summary that appears at the end oƒ each Chapter in this book 
gi0es a brieƒ oueruiet0 oƒ the main ideas oƒ the Chapter. The Summary 
cannot serue fo giue an understanding öƒ the material, tuhích can be 
accomplished only by a detailed reading oƒ the Chapter] 


Kinematics deals with the description of how objects 
move. The description of the motlon of any object must 
always be gIven relative to some particular reference frame. 

The displacement of an obJect 1s the change In position of 
the obJect. 


Average speed ¡s the distance traveled divided by the elapsed 
time or fime inferval, A/ (the time period over which we choose 
to make our observations). An obJect's average velocify over 
a particular time Interval 1s 

_ Ax 
E5 qyf (2-2) 
where Ax 1s the displacement during the time Interval Aí. 

The instantaneous velocity, whose magnitude 1s the same 
as the /stantaneous speed, 1s defined as the average velocity 
taken over an infinitesimally short time Interval. 
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Acceleration 1s the change of velocity per unit time. An 
object's ayerage acceleration over a time Interval Aí 1s 


ẤA® 
AC, 
where Aø 1s the change of velocity during the time Interval Aí. 
Instantaneous accelerafion 1s the average acceleration taken 
over an infinitesimally short time Interval. 

]f an object has position xọ and velocIty œụ at time f = 0 and 
moves In a straipht line with consfant accelerafion, the velocIty 
and position x at a later time f are related to the acceleration đ, 
the Initial position xạ, and the Initial velocity œ by Eqs. 2—11: 


B = 


(2-4 


= 0Uọ † đf, 
= 1 z2 
* = xọ+† ĐọoÍ + ÿdf2, 
? = tậ + 2a(x — xạ), (2-11) 
_ Ð + ®ụ 
Ø2 # ———- 
S2 


Objects that move vertically near the surface of the Earth, 
either falling or having been projected vertically up or down, 
move with the constant downward accelerafion due fo gravi(y, 
whose magnitude is g = 9.80m/sỐ if air resistance can be 
1gnored. We can apply Eqs. 2—11 for constant acceleration to 
obJects that move up or down freely near the Earth”s surface. 

The slope of a curve at any point on a graph 1s the slope 
of the tangent to the curve at that point. Ôn a graph of posi- 
tion vs. time, the slope is equal to the instantaneous velocIty. 
On a graph of velocity vs. time, the slope 1s the acceleration. 


 Questions 


1. Does a car speedometer measure speed, velocity, or both? 
Explain. 

2. When an object moves with constant velocity, does Ifs 
average velocity during any time interval differ from 11s 
1nstantaneous velocity at any Instant? Explain. 

3. If one object has a greater speed than a second object, 
does the first necessarily have a greater acceleration? 
Explain, using examples. 

4. Compare the acceleration of a motorcycle that accelerates 
from 80 km/h to 90 km/h with the acceleration of a bicycle 
that accelerates from rest to 10 km/h ¡in the same time. 

5. Can an object have a northward velocity and a southward 
acceleration? Explain. 

6. Can the velocity of an object be negative when 1ts accel- 
eration 1s positive? What about vice versa? lÝ yes, øIve 
examples In each case. 

7. Give an example where both the velocity and acceleration 
are negative. 

§. Can an object be Increasing in speed as Ifs acceleration 
decreases? If so, øive an example. If not, explain. 

9. TWO cars emerge side by side from a tunnel. Car A 1s trav- 

cling with a speed of 60 km/h and has an acceleration of 

40 km/h/min. Car B has a speed of 40 km/h and has an 

acceleration of 60 km/h/min. Which car is passing the other 

as they come out of the tunnel? Explain your reasoning. 

A baseball player hits a ball straight up Into the air. It 

leaves the bat with a speed of 120 km/h. In the absence of 

aIr resistance, how fast would the ball be traveling when It Is 
caupht at the same height above the ground as 1t left the 
bat? Explain. 

As a freely falling obJect speeds up, what is happening to 

1ts acceleratlon—does 1t Increase, decrease, or stay the 

same? (z) Ignore air resistance. (b) Consider air resistance. 

You travel from point A to point B ín a car moving at a 

constant speed of 70km/h. Then you travel the same 

distance from point B to another point C, moving at a 

constant speed of 90 km/h. Is your average speed for the 

enfire trip from A to C equal to 80 km/h? Explain why or 
why not. 


10. 


11. 


12. 


(m/s) 


13. Can an object have zero velocity and nonzero accelera- 


tion at the same time? Give examples. 


14. Can an objec( have zero acceleration and nonzero 


velocity at the same time? Give examples. 


15. Which of these motlons 1s 0ø at constant acceleration: 
a rock falling from a clf, an elevator moving from the 
second floor to the fifth floor making stops along the way, 


a dish resting on a table? Explain your answWers. 


16. Describe in words the motion plotted in Fig. 2-32 In 
terms of velocity, acceleration, etc. [Hmr: First try to dupli- 


cate the motion plotted by walking or moving your hand.] 


0 10 20 30 
f (S) 


FIGURE 2-32 Ouestion 1ó. 


17. Describe in words the motlon of the object graphed In 
Fig. 2-33. 


40 


30 


20 
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0 
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FIGURE 2-33 Ouestion 17. 
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Ouestions 


 MisConceptual Questions 


[List all answers that are valid.] 


1. Which of the following should be part of solving any prob- 7. A ball is dropped from the top of a tall buillding. At the 


lem In physics? Select all that apply: 

(2) Read the problem carefully. 

(b) Draw a picture of the situation. 

(c) Write down the varlables that are gIven. 

(đ) Think about which physics principles to apply. 

(z) Determine which equations can be used to apply the 
correct physics principles. 

(0 Check the units when you have completed your 
calculation. 

(ø) Consider whether your answer is reasonable. 


- In which of the following cases does a car have a negative 
velocity and a positive acceleratlon? A car that Is traveling 
1n the 

(2) —x direction at a constant 20 m/s. 

(b) —x direction Increasing in speed. 

(c) +x direction increasing In speed. 

(đ) —x direction decreasing in speed. 

(z) +x direction decreasing In speed. 


‹- Attime £ = 0 an object is traveling to the right along the 

+x axis at a speed of 10.0 m/s with acceleration —2.0 m/sZ. 

'Which statement is true? 

(a) The object wIll slow down, eventually coming to a 
complete stop. 

(b) The object cannot have a negative acceleration and 
be moving to the ripht. 

(c) The object will continue to move to the right, slowing 
down but never coming to a complete stop. 

(đ) The object will slow down, momentarily stopping, 
then pick up speed moving to the left. 


. A ball is thrown straight up. What are the velocity and 
acceleration of the ball at the highest poïnt In 1s path? 
(a)ò=0,a=0. 

(b)òb=0, a= 9.8m/s” up. 

(c)? =0, a= 9.8m/s” down. 

(4) = 9.8m/sup, a = 0. 

(c) ø = 9.8 m/s down, a = 0. 


._ You đrop a rock off a bridse. When the rock has fallen 4m, 

you đrop a second rock. As the two rocks continue to fall, 

what happens to their velocitIies? 

(4) Both increase at the same rate. 

(5) The velocity of the first rock Increases faster than the 
velocity of the second. 

(c) The velocity of the second rock Increases faster than 
the velocity of the first. 

(đ) Both velocities stay constant. 


‹ You drive 4km at 30km/h and then another 4km at 


same Instant, a second ball is thrown upward from the 

ground level. When the two balls pass one another, one on 

the way up, the other on the way down, compare the magni- 
tudes of their acceleration: 

(a) The acceleration of the dropped ball 1s greater. 

(b) The acceleration of the ball thrown upward is greater. 

(c) The acceleration of both balls is the same. 

(đ) The acceleration changes during the motion, so you 
cannot predict the exact value when the two balls 
pass each other. 

(c) The accelerations are in opposite directions. 


A ball is thrown downward at a speed of 20 m/s. Choosing 
the +y axis pointing up and neglecting air resistance, which 
equation(s) could be used to solve for other variables? The 
acceleration due to gravity is øg = 9.8m/s” downward. 
(2) » = (20m/S) — gí. 

(b) y = yo + (—20m/Ss)£ — (1/2)gÉ. 

(c) 0ˆ = (20m/s)” — 2g(y — Đụ). 

(4) (20m/$) = (0 + 0ạ)/2. 

(c) AlI of the above. 


A car travels along the x axis with Increasing speed. We 
don”t know If to the left or the ripht. Which of the praphs 
in Fig. 2-34 most closely represents the motlon of the 


car? 
l8 


(2) 
(b) 
(c) 


(4) 


50 km/h. What is your average speed for the whole 8-km lì 

trip? 

(2) More than 40 km/h. 

(b) Equal to 40 km/h. FIGURE 2-34 

(c) Less than 40 km/h. MisConceptual í 
(đ) Not enouph Information. Question 9. (e) 
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For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


j Problems 


[The Problems at the end oƒ each Chapter are ranked I, II, or TH 
according to estimated difficulty, tunh leuel I Problems being easiest. 
Le0el III are meamt as challenges for the best studemts. The Prob- 
lems are arranged by SecHon, meaning that the reader should 
haue read up to and imcluding that SecHon, but not only that 
Seclion—Problems ojllen depend on earlier maferiadlL Next ¡is 
a set oƒ “CGeneral Problems” not arranged by Section and not 
rankcd. Finally, there are “Search and Learn” Problems that require 
rereading parts 0ƒ the Chapter and sometimes earlier Chapfters.] 
(Note: In Problems, assume a number like 6.4 ïS qccurafe to 
+0.1; and 950 ¡s + 10 unless 950 ¡s said to be “precisely” or “Đery 
nearly” 950, im tphích case assume 950 + 1. See Secfton 1-4.) 


2-1 to 2-3 Speed and Velocity 


1. (J If you are driving 95 km/h along a straight road and 
you look to the side for 2.0 s, how far do you travel during 
this Inattentive period? 


2. () What must your car's average speed be In order to 
travel 235 km ïn 2.75 h? 
3.( A particle at í„ = —2.0s ïs at xị =4.8cm and at 


f2 = 4.5s 1s at xạ = 8.5cm. What 1s I{s average velocIty 
over this time interval? Can you calculafte 1s averaøe speed 
{rom these data?Why or why not? 

4. ()A rollins ball moves from xị = 8§.4cem to x; = —4.2cm 
during the time from í¡ = 3.0s to í¿ = 6.1s. What Is 1s 
average velocity over this time Interval? 

5. () A bird can fly 25 km/h. How long does it take to fly 
3.5 km? 
(I) According to a rule-of-thumb, each five seconds 
between a liphtning flash and the following thunder g1ves 
the distance to the flash in miles. (z) Assuming that the 
flash of lipht arrives In essentially no time at all, estimate 
the speed of sound in m/s from this rule. (b) What would 
be the rule for kilometers? 


® 


Đạo 


(II) You are driving home from school steadily at 
95 km/h for 180 km. It then begins to rain and you slow 
to 65 km/h. You arrive home after driving 4.5h. (z) How 
far Is your hometown from school? (5) What was your 
average speed? 

8. (H) A horse trots away from 1ts trainer in a straipht 
line, moving 3§m away in 9.0s. It then turns abruptly 
and gallops halfway back in 1.8s. Calculate (4) 1ts averaøe 
speed and (0) its average velocity for the entire trip, using 
“away from the trainer” as the posiftive direction. 

9. (II) A person jogs eight complete laps around a 400-m 
track in a total time of 14.5 min. Calculate (z) the averaøe 
specd and (0) the average velocity, in m/s. 

10. (II) Every year the Earth travels about 10 km as it orbits the 

Sun. What ¡is Earth”s average speed in km/h? 

11. (H) A car traveling 95 km/h is 210m behind a truck trav- 
cline 75 km/h. How long will it take the car to reach the 
truck? 

(H) Calculate the average speed and average velocity of a 
complete round trip in which the outgoing 250km 1s 
covered at 95 km/h, followed by a 1.0-h lunch break, and 
the return 250 km is covered at 55 km/h. 


P 


13. (II Two locomotives approach each other on parallel 
tracks. Each has a speed of 155 km/h with respect to the 
ground. TỶ they are Initially 8.5 km apart, how long wIll 1t 
be before they reach each other? (See Eig. 2-35.) 


~=—8.5 km—~ 


U= U= 


FIGURE 2-35 Problem 13. 


14. (II) Digital bits on a 12.0-em diameter audio CD are encoded 
along an outward spiraling path that starts at radius 
R;ị= 25cm and fñnisshes at radius ®; = 58cm. The 
distance between the centers of neiphboring spiral- 
windings is 1.6m (= 1.6 x 10 °m). (z) Determine the 
total length of the spiraling path. [H7z: Imagine “unwinding” 
the spiral Into a straipht path of width 1.6 m, and note 
that the original spiral and the straight path both occupy 
the same area.] (b) To read information, a CD player 
adjusts the rotation of the CD so that the player”s readout 
laser moves along the spiral path at a constant speed of 
about 1.2 m/s. Estimate the maximum playing time of such 
a CD. 

15. (II) A bowling ball traveling with constant speed hits the 
pIns at the end of a bowling lane 16.5 m long. The bowler 
hears the sound of the ball hitting the pins 2.80 s after the 
ball 1s released from his hands. What 1s the speed of the 
ball, assuming the speed of sound ¡s 340 m/s? 

16. (IH) An automobile traveling 95 km/h overtakes a 1.30-km- 
long train traveling In the same direction on a track parallel 
to the road. If the trains speed is 75 km/h, how long does 
1t take the car to pass 1t, and how far will the car have 
traveled in this time? See FHig. 2-36. What are the results 
1ƒ the car and train are traveling in opposife directions? 


F 1.30 km xị 
0 = 75 km/h 


` Ý YIWWWANGAHIAAHIENVVIVTHUANE NO NHƯ VIẾN TẾIN 
MHz Nhớ WỶ ti . PSG! 


du 


-g xa 09 = 95 km/h '* 
FIGURE 2-36 Problem 16. 


2-4 Acceleration 


17. (I) A sports car accelerates from rest to 95 km/h in 4.3 s. 
What is its average acceleration in m/s”? 

18. ( A sprinter accelerates from rest to 9.00 m/s in 1.38 s. 
What is her acceleration in (2) m/s”; (b) km/h”? 

19. (II A sporfs car moving at constant velocity travels 120m 
1n 5.0s. If1t then brakes and comes to a stop In 4.0 s, what 
1s the magnitude of its acceleration (assumed constanf) in 
m/s”, andin gs (g = 9.80m/s”)? 


Problems 43 


20. (II) At hiphway speeds, a particular automobile is capable 
of an acceleration of about 1.8 m/sỞ. At this rate, how long 
does it take to accelerate from 65 km/h to 120 km/h? 

2i. (II) A car moving In a straipht line starts at x = 0 at í = 0. 
It passes the point x = 25.0m with a speed of 11.0 m/s 
at f = 3.005. It passes the point x = 385 m with a speed 
of 45.0 m/s at f = 20.0s. Eind (z) the average velocity, 
and () the average acceleration, between í = 3.00s and 
í = 20.05. 


2-5 and 2-6 Motion at Constant Acceleration 


22. (I) A car slows down from 28 m/ to rest in a distance of 
88m. What was 1s acceleration, assumed constant? 

23. (I) A car accelerates from 14 m/s to 21 m/s in 6.0 s. What 
was 1fs acceleration? How far did it travel In this time? 
Assume constant acceleration. 


24. (I) A light plane must reach a speed of 35 m/s for takeoff. 
How long a runway 1s needed !f the (constant) accelera- 
tion is 3.0 m/s2? 

25. (II A baseball pitcher throws a baseball with a speed of 
43m/s. Estimate the average acceleration of the ball 
during the throwing 
motion. In throwing Si TU 


the baseball, the pitcher 

accelerates 1t throuph „ 

a displacement of about 

35m, from behind 

the body to the poïnt / 

where It 1s released cm . mac 

(Eig. 2-37). 
FIGURE 2-37 Problem 25. 


26. (II) A world-class sprinter can reach a top speed (of about 
11.5 m/s) in the first 18.0m of a race. What is the average 
acceleration of this sprinter and how long does 1t take her 
to reach that speed? 


27. (II) A car slows down uniformly from a speed of 28.0 m/s 
to rest in 8.00s. How far did ít travel in that time? 


28. (II) In coming to a stop, a car leaves skid marks 65 m long 
on the highway. Assuming a deceleration of 4.00 m/s?, 
estimate the speed of the car Just before braking. 


29. (II A car traveling at 95 km/h strikes a tree. The front end 
of the car compresses and the driver comes tO res( after 
traveling 0.80m. What was the magnitude of the averagøe 
acceleration of the driver during the collision? Express the 
answer in terms of “ø's,” where 1.00 g = 9.80 m/%“. 


30. (II) A car traveling 75 km/h slows down at a constant 
0.50 m/sẼ just by “letting up on the gas.” Calculate (2) the 
distance the car coasts before 1t stops, (b) the time it 
takes to stop, and (c) the distance it travels during the 
ñirst and fifth seconds. 


3Í. (II) Determine the stopping distances for an automobile 
øoing a constant initial speed of 95 km/h and human reac- 
tion time of 0.40s: (2) for an acceleration ø = —3.0m/$?; 
(b) for a = —6.0m/5”. 

32. (ID A driver ¡is traveling 18.0 m/s when she sees a red 
light ahead. Her car 1s capable of decelerating at a rate of 
3.65 m/s”. If it takes her 0.350 s to get the brakes on and 
she 1s 20.0 m from the intersection when she sees the lipht, 
wIll she be able to stop In time? How far from the beginning 
of the Intersection will she be, and in what direction? 


33. (II) A 75-m-long train begins uniform acceleration from 


rest. The front of the train has a speed of 18 m/s when it 
passes a railway worker who 1s standing 180 m from where 
the front of the train started. What wIll be the speed of the 
last car as it passes the worker? (See Eig. 2-38.) 


75m "| 


. 


FIGURE 2-38 Problem 33. 


34. (II A space vehicle accelerates uniformly from 85 m/s 


at £= 0 to 162m/s at £ = 10.0s. How far did it move 
between / = 2.0s and f = 6.0s2 


(II) A runner hopes to complete the 10,000-m run in less 
than 30.0 min. After running at constant speed for exactly 
27.0 mmn, there are still 1200 m to go. The runner must then 
accelerate at 0.20 m/s” for how many seconds in order to 
achieve the desired time? 


(HI) A fugttive tries to hop on a freipht train traveling at a 
consfant speed of 5.0 m/s. Just as an empty box car passes 
him, the fugitive starts from rest and accelerates at 
a = 1.4m/s“” to his maximum speed of 6.0 m/s, which he 
then maintains. (2) How long does it take him to catch up 
to the empty box car? (b) What is the distance traveled to 
reach the box car? 


. (HI) Mary and Sally are in a foot race (Fig. 2-39). When 


Mary is 22 m from the finish line, she has a speed of 4.0 m/s 
and is 5.0m behind Sally, who has a speed of 5.0 m/s. Sally 
thinks she has an easy win and so, during the remaining 
portdon of the race, decelerates at a constant rate of 
0.40 m/sŸ to the finish line. What constant acceleration does 
Mary now need during the remaining portion of the race, If 
she wishes to cross the finish line side-by-side with Sally? 


| 
Mary Sally Fuồn» 


| 
< 22m s. 


FIGURE 2-39 Problem 37. 


| 
=—5.0 m—>\ | 
| 
1 


(HI) An unmarked police car traveling a constant 95 km/h 
is passed by a speeder traveline 135 km/h. Preciscly 1.00s 
after the speeder passes, the police officer steps on the 
accelerator; If the police car*s acceleration ¡is 2.60 m/ SỐ, 
how much time passes before the police car overtakes the 
speeder (assumed moving at constant speed)? 


2-7 Freely Falling Objects (neglect air resistance) 
39. (I) A stone 1s dropped from the top of a cliff. It is seen to 


hit the ground below after 3.55 s. How hiph 1s the cHff? 


40. ( Estimate (z) how long ¡it took King Kong to fall 


straight down from the top of the Empire State Building 
(380 m high), and (0) his velocity just before “landing.” 
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4i. (II) A ball player catches a ball 3.4s after throwing it 


42 


43 


49 


50 


vertically upward. With what speed did he throw it, and 
what heipht dịd it reach? 

(I) A baseball is hit almost straipht up into the air with a 
speed of 25 m/s. Estimate (z) how high it goes, (b) how 
long 1t is in the air. (c) What factors make this an estimate? 
(H) A kangaroo jumps sftraipht up to a vertical heipht of 
1.45m. How long was It in the air before returning to Earth? 


. (H) The best rebounders in basketball have a vertical leap 


51. 


(that is, the vertical movement of a fixed point on their 
body) of about 120 cm. (2) What is their initial “launch” 
speed off the ground? (5) How long are they In the air? 


(II) An object starts from rest and falls under the influ- 
ence of gravity. Draw graphs of () its speed and (Đ) the 
distance 1t has fallen, as a function of time from / = 0 to 
 = 5.00s. Ignore air resistance. 


(H) A stone ¡s thrown vertically upward with a speed of 
24.0m/s. (ø) How fast is it moving when it ¡is at a 
heipht of 13.0m? (5) How much time is required to reach 
this height? (c) Why are there two answers to (b)? 


(T) For an object falling freely from rest, show that the 
distance traveled during each successive second Iincreases 
1n the ratio of successive odd integers (1, 3, 5, etc.). (This 
was first shown by Galileo.) See Figs. 2^—19 and 2—22. 


(I) A rocket rises vertically, from rest, with an accelera- 
tion of 3.2 m/sŸ until it runs out of fuel at an altitude of 
775m. After this point, 1ts acceleration 1s that OŸ øravVIty, 
downward. (2) What is the velocity of the rocket when it 
runs out of fuel? (5) How long does 1t take to reach this 
point? (c) What maximum altitude does the rocket reach? 
(3) How much time (total) does it take to reach 
maximum alttude? (e) With what velocity does it strike 
the Earth? (ƒ) How long (total) 1s it in the alr? 


(I) A helicopter is ascending vertically with a speed of 
5.40 m/s. At a heipht of 105 m above the Earth, a packagøe 
1s dropped from the helicopter. How much time does 1 take 
for the package to reach the ground? [Hmr: What 1s 0ọ for 
the package?] 

(H) Roger sees water balloons fall past his window. He 
notices that each balloon strikes the sidewalk 0.83s after 
passing his window. Roger”s room 1s on the third floor, 15m 
above the sidewalk. (z) How fast are the balloons trav- 
eling when they pass Rogers window? (2) Assuming the 
balloons are being released from rest, from what floor are 
they being released? Each floor of the dorm 1s 5.0m hiph. 


(H) Suppose you adjust your garden hose nozzle for a fasf 
seam of water. You point 
the nozzle vertically upward at 
a heipht of 1.Sm above the 
ground (Fig. 2-40). When you 
quickly turn off the nozzle, you 
hear the water striking the 
øround next to you for another 
2.5s. What is the wafer speed 
as 1t leaves the nozzle? 


FIGURE 2-40 
Problem 51. 


(m/) 


5. 


3, 


4. 


H) A baseball is seen to pass upward by a window with 
a vertical speed of 14 m/s. If the ball was thrown by a person 
18m below on the street, (2) what was Ifs Initial speed, 
(b) what altitude does it reach, (c) when was it thrown, 
and (đ) when does it reach the street again? 

qM) A falling stone takes 0.31 s to travel past a window 
2.2m tall (Fig. 2-41). From what height above the top of 
the window did the 

stone fall2 


Tý AI œ- 
- | To travel 
this 
2.2m > distance 
took 
Ị : : 0.31s 
| I[[[[I| 
FIGURE 2-41 ¡HE j ® 
Problem 53. 


(HD A rock is dropped from a sea cliff, and the sound of 
1t striking the ocean 1s heard 3.4s later. If the speed of 
sound is 340 m/s, how hiph ¡s the cliff? 


2-8 Graphical Analysis 


". 


(H) Eigure 2-42 shows the velocity of a train as a function of 
time. (2) At what time was Its velocity ereatest? (b) During 
what periods, 1ƒ any, was the velocity constant? (c) During 
what periods, If any, was the acceleration constant? 
(đ) When was the magnitude of the acceleration greatest? 


40 
30 
20 
10 
Đụ 10 20 30 40 50 by . 80 90 100 110 120 
F(S 
FIGURE 2-42 Problem 55. 
56. (II) A sports car accelerates approximately as shown ¡n the 


velocity-time graph of Fig. 2—43. (The short flat spots In the 
curve represent manual shifting of the gears.) Estimate the carS 
average acceleration in (4) second gear and (0) fourth gear. 


50 
5th gear 
40 4th gear 
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a 30 
E 
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2nd gear 
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FIGURE 2-43 Problem 56. The velocity of a car 
as a function of time, starting from a dead stop. 
The flat spots in the curve represent gear shIfts. 
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Problems 


#7. (II) The position of a rabbit along a straipht tunnel as a 


function of time 1s plotted in Eig. 2—44. What 1s 1fs Instan- 
taneous velocity (ø) at  = 10.0s and (Đ) at z = 30.0? 
What ¡1s Its averape velocity (c) between =0 and 
+ = 5.0s, (đ) between £= 25.0s and £=30.0s, and 
(c) between / = 40.0s and / = 50.0? 


20 


x(m) 


0 10 20 30 40 50 
/ (S) 
FIGURE 2-44 Problems 57, 58, and 59. 


%8. (II) In Fig. 2-44, (z) during what time periods, If any, 1s 


the velocity constant? (b) At what time 1s the velocity 
greatest? (c) At what time, If any, ¡is the velocity zero? 
(đ) Does the object move in one direction or in both 
directions during the time shown? 


59. (III) Sketch the ò vs. f graph for the object whose displace- 


ment as a function of time 1s given by Fig. 2-44. 


Ï General Problems 


60. The acceleration due to gravity on the Moon 1s about one- 


sixth what It Is on Earth. If an object 1s thrown vertically 
upward on the Moon, how many times hipher wIll 1t go 
than it would on Earth, assuming the same Initial velocity? 


6í. A person who 1s properly restrained by an over-the-shoulder 


seat belt has a good chance of surviving a car collision 1ƒ the 
deceleration does not exceed 30 “g”s” (1.00 ø= 980m/ s?). 
Assuming uniform deceleration at 30 gø”s, calculate the dis- 
tance over which the front end of the car must be desipned 


to collapse if a crash brings the car to rest from 95 km/h. 


62. A person jumps out a fourth-story window 18.0m above 


a [irefiphters safety net. The survivor stretches the net 
1.0m before coming 


65. Consider the street pattern shown In Hg. 2-46. Each Inter- 


section has a traffic signal, and the speed limit is 40 km/h. 
Suppose you are driving from the west at the speed limit. 
'When you are 10.0m from the first intersection, all the liphfs 
turn øreen. The lights are ereen for 13.0s each. (2z) Calculate 
the time needed to reach the third stoplight. Can you make 
1t throueh all three lights without stopping? (5) Another car 
was s(opped at the ñrst light when all the lights turned green. 
It can accelerate at the rate of 2.00 m/s” to the speed limit. 
Can the second car make 1t throuph all three lights without 
stopping? By how many seconds would 1t make 1t, or not 
make 12 


(O rest, Flg. 2-45. West L] § | 

(a3) What was the UDDER =g = NÌ ` 

average deceleration sốPe 

experilenced by the Your SE. -| 

survivor when she was AT l0m m_—>= 50m == = 20m = " 
slowed to rest by the l5m l5m l5m 


net? (b) What would 
you do to make 1t 
“safer” (that 1Is, tfO 
generate a  smaller 
deceleration): would 
you stiffen or loosen 
the net? Explain. 


FIGURE 2-45 
Problem 62. 


63. Pelicans tuck their wings and free-fall straight down when 


diving for fish. Suppose a pelican starts ifs dive from a 
heieht of 14.0m and cannot change Its path once com- 
mitted. If it takes a fish 0.20 s to perform evasive action, 
at what minimum heipht must it spot the pelican to escape? 
Assume the fish is at the surface of the water. 


64. A bicyclist in the Tour de France cresís a mountain pass 


as he moves at 15 km/h. At the bottom, 4.0 km farther, 
his speed ¡s 65 km/h. Estimate his average acceleration 
(in m/s?) while riding down the mountain. 


FIGURE 2-46 Problem 65. 


66. An airplane travels 2100 km at a speed of 720 km/h, and 


then encounters a tailwind that boosts its speed to 990 km/h 
for the next 2800 km. What was the total time for the trip? 
What was the average speed of the plane for this trip? 
[Himr: Does Eq. 2-11d apply?] 


. SUppose a car manufacturer tested 1ts cars for front-end 


collisions by hauling them up on a crane and dropping 
them from a certain height. (z) Show that the speed just 
before a car hits the ground, after falling from rest a 
vertical distance HH, 1s given by 4⁄2gH. What height 
corresponds to a collision at (5) 35 km/h? (c) 95 km/h? 


A sfone Is dropped from the roof of a high building. A second 
stone 1s dropped 1.30s later. How far apart are the stones 
when the second one has reached a speed of 12.0 m/s? 


A person jumps ofŸ a diving board 4.0m above the water”s 
surface Into a deep pool. The persons downward motion 
stops 2.0m below the surface of the water. Estimate the 
average deceleration of the person while under the water. 
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70. In putting, the force with which a golfer strikes a ball 1s 


71. 


72 


planned so that the ball wIll stop within some small distance 
of the cup, say 1.0m long or short, in case the putf 1s missed. 
Accomplishing this from an uphill lie (that ¡s, puttng the 
ball downhill, see Fig. 2-47) is more difficult than from a 
downhill lie. To see why, assume that on a particular øreen 
the ball decelerates constantly at 1.8m/s” going downhill, 
and constantly at 2.6 m/s” going uphill. Suppose we have an 
uphill lie 7.0m from the cup. Calculate the allowable range 
Of Imitial velocitiles we may Impart to the ball so that 1t stOps 
1n the range 1.0m short to 1.0m long of the cụp. Do the 
same for a downhill he 7.0m from the cup. What in your 
results suggesfs that the downhill putt is more difficult? 


FIGURE 2-47 Problem 70. 


A stone 1s thrown vertically upward with a speed of 
15.5 m/s from the edge of a cliff 75.0m high (Eig. 2-48). 
(z3) How much later 
does 1 reach the 
bottom of the clí? 
(b) What is its speed 
Just before hitting? 
(c) What total distance 
địd 1t travel? 


FIGURE 2-48 
Problem 71. 


In the design of a rapid transif sys(em, ¡( is necessary {O 
balance the average speed of a train against the distance 
between station stops. The more stops there are, the slower 
the train's average speed. To get an idea of this problem, 
calculate the time it takes a train to make a 15.0-km trip 
1n two situations: (2) the stations at which the trains must 
stop are 3.0 km apart (a total of 6 stations, including those 
at the ends); and (0) the stations are 5.0 km apart (4 stations 
total). Assume that at each station the train accelerates at 
a rate of 1.1 m/s” until it reaches 95 km/h, then stays at 
this speed until 1ts brakes are applied for arrival at the next 
station, at which time it decelerates at —2.0 m/s”. Assume 
1t stops at each intermediate station for 22 s. 


73. A person driving her car at 35 km/h approaches an inter- 


74. 


ve) 


76 


1% 


78 


section Just as the traffic light turns yellow. She knows that 
the yellow light lasts only 2.0 s before turning to red, and 
she is 28m away from the near side of the Intersection 
(Eig. 2-49). Should she try to stop, or should she speed up 
to cross the Intersection before the lipht turns red? The 
Intersection 1s 15m wide. Her cars maximum deceleration 
is —5.8m/s”, whereas it can accelerate from 45 km/h to 
65 km/h in 6.0s. Ignore the leneth of her car and her 
reaction time. 


FIGURE 2-49 Problem 73. 


A car is behind a truck going 18 m/s on the highway. The 
car”s driver looks for an opportunity to pass, guessing that 
his car can accelerate at 0.60m/s? and that he has to 
cover the 20-m length of the truck, plus 10-m extra space at 
the rear of the truck and 10m mơre at the front of 1t. In the 
oncoming lane, he sees a car approaching, probably at the 
speed limit, 25 m/s (55mph). He estimates that the car is 
about 500m away. Should he attempt the pass? Give detalls. 
Agent Bond 1s standing on a bridge, 1Š m above the road 
below, and his pursuers are getting too close for comfort. 
He spots a flatbed truck approaching at 25 m/s, which he 
measures by knowing that the telephone poles the truck 1s 
passing are 25 m apart in this region. The roof of the truck 
1s 3.5m above the road, and Bond quickly calculates how 
many poles away the truck should be when he drops down 
from the bridge onto the truck, making his getaway. How 
many poles 1s 112 

A conveyor belt is used to send burgers through a grill- 
ing machine. If the griling machine 1s 12m long and 
the burgers require 2.Smin to cook, how fast must 
the conveyor belt travel? If the burgers are spaced 25 cm 
apart, what 1s the rate of burger production (in burgers/min)? 
Two students are asked to fnd the height of a particular 
building using a barometer. Instead of using the barometer 
as an altitude measuring device, they take 1t to the roof of the 
building and drop it off timing 1ts fall. One student reports a 
fall time of 2.0 s, and the other, 2.3 s. What % difference does 
the 0.3 s make for the estimates of the building”s height? 
Figure 2-50 shows the posiftion vs. time graph for two bicy- 
cles, A and B. (z) Identify any instant at which the two 
bicycles have the same velocity. (b) Which bicycle has the 
larger acceleration? (c) At which instant(s) are the bicycles 
passing each other? Which bicycle 1s passing the other? 
(4) Which bicyclehas  „ AB 
the larger instan- 
taneous  velocity? 
(e) Which bicycle has 
the larger average 
velocity? 


FIGURE 2-50 
Problem 78. 0 f 
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TƠ: 


80. 


81. 


82. 


A race car driver must average 200.0 km/h over the 
course of a time trial lasting ten laps. If the first nine laps 
were done at an average speed of 196.0 km/h, what average 
speed must be maintained for the last lap? 

Two children are playing on two trampolines. The first 
chid bounces up one-and-a-half times hipher than the 
second child. The initial speed up of the second child is 
4.0m/s. (ø) Eind the maximum heipht the second child 
reaches. (b) What is the initial speed of the first child? 
(c) How long was the first child in the alr? 

If there were no aïr resistance, how long would it take a 
free-falling skydiver to fall from a plane at 3200m to an 
altitude of 450m, where she will open her parachute? What 
would her speed be at 450m? (In reality, the air resis- 
tance will restrict her speed to perhaps 150 km/h.) 

You stand at the top of a clff while your friend stands on 
the ground below you. You drop a ball from rest and see 
that she catches 1t 1.4 s later. Your friend then throws the 
ball up to you, such that 1t Just comes to rest In your hand. 
What is the speed with which your friend threw the ball? 


Discuss two conditions given in Section 2—7 for being able 
to use a constant acceleration of magnitude g = 9.8 m/s”. 
Give an example in which one of these conditlons would 
not be met and would not even be a reasonable approxima- 
tion of motion. 


- In a lecture demonstration, a 3.0-m-long vertical string 


with ten bolts tied to 1t at equal intervals is dropped from 
the ceiling of the lecture hall. The string falls on a tin 
plate, and the class hears the clink of each bolt as 1t hits 
the plate. (z) The sounds will not occur at equal time inter- 
vals. Why? (5) WIII the time between clinks increase or 
decrease as the string falls? (c) How could the bolts be tied 
so that the clinks occur at equal intervals? (Assume the 
string 1s vertical with the bottom bolt touching the tin plate 
when the string 1s released.) 


. A police car at rest is passed by a speeder traveling at a 


constant 140 km/h. The police officer takes off in hot pursuit 
and catches up to the speeder in 850m, maintaining a 
constant acceleration. (z) Qualitatively plot the position 
vs. time graph for both cars from the police car”s start to 
the catch-up point. Calculate (5) how long it took the 
police officer to overtake the speeder, (c) the required 
police car acceleration, and (đ) the speed of the police car 
at the overtaking poïnt. 


ANSWERS TO EXERCISES 


A: (z) displacement = —30 em; (?) total distance = 50 cm. 
B: (0). 


C: (4) +; (b) —; (c) 


; (đ) +, 


FIGURE 2-51 
Search and Learn4. “0 1 3 3 4 5 6 


83. On an audio compact disc (CD), digital bits of Infor- 


mation are encoded sequentially along a spiral path. Each 
bit occupies about 0.28 um. A CD player”s readout laser 
scans along the spiral sequence of bits at a constant 
speed of about 1.2 m/s as the CD spins. (2) Determine 
the number X of digital bits that a CD player reads every 
second. (b) The audio information 1s sent to each of the 
two loudspeakers 44,100 times per second. Each of these 
samplings requires 16 bits, and so you migpht expect the 
required bít rate for a CD player to be 


_ lu bits 
S sampling 


bits 
S Là 


M= 244.100 = 1.44x106 
where the 2 ¡s for the 2 loudspeakers (the 2 stereo channels). 
Note that Nụ 1s less than the number of bits actually 
read per second by a CD player. The excess number of 
bits (= W— Nụ) is needed for encoding and error- 
correction. What percentage of the bits on a CD are 
dedicated to encoding and error-correction? 


[ Search and Learn 


1. 4. Eigure 2-51 is a position versus time graph for the motion of 


an object along the x axis. Consider the time interval from 
A to B. (2) Is the object moving 1n the positive or negative 
x direction? (ð) Is the object speeding up or slowing down? 
(c) Is the acceleration of the object positive or negative? Now 
consider the time imterval from D to E. (đ) Is the object moving 
1n the positive or negafive x direction? () Is the object speed- 
¡ng up or slowing down? (ƒ) Is the acceleration of the object 
posttive or negative? (g) Finally, answer these same three 
questions for the time Interval from C to D. 


30 


f(S) 


5. The position of a ball rolling 1n a straight line 1s gIven by 


x= 2.0 — 3.6 + 1.7/2, where x isin meters and ƒ in seconds. 
(2) What do the numbers 2.0, 3.6, and 1.7 refer to? (b) What 
are the units of each of these numbers? (c) Determine the 
position of the ball at ƒ = 1.0s, 2.0s, and 3.0s. (đ) What is 
the average velocity over the interval í = 1.0s to f = 3.0? 


D: (0). 
E: (©). 
F: (c). 
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Kinematics In 


Two DIimenslons; Vecfors 


CHAPTER-OPENING QUESTION——Guess now! 
[DonT tuorry about getting the righft anstUer not0—you +0ilÏ get another chance later in the 
Chapter. See also p. 1 oƒ Chapter 1 ƒor more explanation.] 
A small heavy box of emergency supplies 1s dropped from a moving helicopter at 
point A as 1t flies at constant speed 1n a horizontal direction. Which path in the 
drawing below best describes the path of the box (neplecting air resistance) as 
seen by a person standing on the ground? 


B 
: _È¬ 
ZT^ Xu” CC “sa TNTRaHỚN ¬ h 
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⁄ hi *% Ñ 
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motion of objects that move In paths in two (or three) dimensions. In par- 
ticular, we discuss an important type of motion known as projectHile motfion: 
oblJects proJected outward near the Earth”s surface, such as struck baseballs and 
golf balls, kicked footballs, and other proJectiles. Before beginning our discussion 
Of motion In two đimensions, we will need a new tool, vectors, and how to add them. 


| n Chapter 2 we dealt with motion along a straight line. We now consider the 


Thịs snowboarder flying through 
the air shows an example of 
mofion 1n two dimensions. In 
the absence of air resistance, the 
path would be a perfect parabola. 
The gold arrow represents the 
downward acceleration of 
gravity, 8. Galileo analyzed the 
motion of obJects In 2 dimenslons 
unđer the action of ø7avity near 
the Earth”s surface (now called 
“projectile motion”) into Its 
hor1zontal and vertical componenfs. 
We will discuss vectors and how 
to add them. Besides analyzing 
proJectile moftion, we will aÏso see 
how to work with relative velocity. 
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Projectile Motion Is Parabolic 
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Scale for velocity: 


1 cm =90 km/h 


#Ö 


FIGURE 3-1 Car traveling on a 
road, slowing down to round the 
curve. The øreen arrows represent 


the velocity vector at each position. 


FIGURE 3-2 Combining vectors in 


one đimension. 


8km 


6km 


8 km 


FIGURE 3-3 A person walks 10.0 km east and then 5.0 km 

north. These two displacements are represented by the 

vectors D¡ and D›, which are shown as arrows. Also shown 

1s the resultant displacement vector, Dạ. which ¡s the 

vector sum of Ö¡ and D;. Measurement on the graph 

with ruler and protractor shows that Dạ has a magnitude West 
of 11.2 km and points at an angle Ø = 27” north of east. 


Resultant = 14 km (east) 
|(CẪẶỆEEEC=—}>~ 


6 km 


(a) 


Resultant = 2 km (east) 


(b) 


0F >——~~-—- : kn) 


East 


0 =——>——t-- x(m) 


East 


3—l Vectors and Scalars 


We mentioned in Chapter 2 that the term 0efocify refers not only to how fast an 
obJect 1s moving but also to 1ts direction. A quantity such as velocity, which has 
direction as well as magnifuide, 1s a vector quantity. Other quantifies that are also 
vectors are displacement, force, and momentum. However, many quantities have no 
direction associated with them, such as mass, time, and temperature. They are speci- 
fied completely by a number and units. Such quantities are called scalar quantities. 

Drawing a diagram of a particular physical situation 1s always helpful In 
physics, and this is especially true when dealing with vectors. On a diagram, cach 
Vector 1s represented by an arrow. The arrow 1s always drawn so that 1t poinfts in 
the direction of the vector quantity 1t represents. The length of the arrow 1s drawn 
proportional to the magnitude of the vector quantity. For example, in Hg. 3-1, 
øreen arrows have been drawn representing the velocIty of a car at varIous places 
as 1t rounds a curve. The magnitude of the velocity at each poInt can be read off 
Fig. 3—1 by measuring the length of the corresponding arrow and using the scale 
shown (1cm = 90 km/h). 

'When we write the symbol for a vector, we will always use boldface type, with a 
tiny arrow over the symbol. Thus for velocity we wrife Ÿ. [Ýwe are concerned only 
with the magnitude of the vector, we wIll write simply œ, 1n Italics, as we do for 
other symbols. 


3-2 Addition of Vectors—Graphical 
Methods 


Because vecfors are quantifies that have direction as well as magnitude, they must 
be added m a special way. In this Chapter, we wiIll deal mainly with displacement 
vectors, for which we now use the symbol D,and velocity vecfors, ý. But the results 
wIll apply for other vectors we encounter later. 

We use simple arithmetic for adding scalars. Simple arithmetic can also be 
used for adding vectors 1f they are in the same direction. For example, 1ƒ a 
person walks 8 km east one day, and 6 km east the next day, the person wIll be 
8km + 6km = 14km east of the point of origm. We say that the mef OT resulrant 
displacement is 14 km to the east (Fig. 3-2a). If, on the other hand, the person 
walks 8 km east on the first day, and 6 km west (in the reverse direction) on the 
second day, then the person will end up 2 km from the origin (Fig. 3-2b), so the 
resultant displacement 1s 2 km to the east. In this case, the resultant displacement 
1s Oobtained by subtractlon: 8km — 6km = 2 km. 

But simple arithmetic cannot be used 1 the two vectors are not along the same 
line. For example, suppose a person walks 10.0 km east and then walks 5.0 km 
north. These displacements can be represented on a graph in which the posifive 
y axIs points north and the posifive x axis poinfs east, Hig. 3—3. On this graph, we 
draw an arrow, labeled D;, to represent the 10.0-km displacement to the east. 
Then we draw a second arrow, ;, to represent the 5.0-km displacement to 
the north. Both vectors are drawn to scale, as 1n Elg. 3—3. 


5  CHAPTER3 Kinematics inTwo Dimensions; Vectors 


After taking this walk, the person 1s now 10.0 km east and 5.0 km north of the 
point of origin. The resultant displacement is represented by the arrow labeled Dạ 
in Eig. 3—3. (The subscript R stands for resultant.) sing a ruler and a protractor, 
you can measure on this diagram that the person 1s 11.2 km from the origin at an 
angle Ø = 27° north of east. In other words, the resultant displacement vector has 
a magnitude of 11.2 km and makes an angle Ø = 27” with the positive x axis. The 
magnitude (length) of Ủạ can also be obtained using the theorem of Pythagoras 
1n this case, because D,, D;, and Dạ form a right trianple with Dạ as the 
hypotenuse. Thus 


é$⁄ĐÐ† + P = \/(10.0km)? + (5.0km)? 


= W/125km” = 11.2km. 


You can use the Pythagorean theorem only when the vectors are perpendicular 
to each other. 

The resultant displacement vector, Dạ, 1s the sum of the vectors D; and D;. 
That 15, 


Dạ 


Dạ = Ö, + Ö;. 


Thịs 1S a 0ecfor equation. An important feature of adding two vectors that are not 
along the same line 1s that the magmitude of the resultant vector 1s not equal to the 
sum of the magnitudes of the two separate vectors, but 1s smaller than their sum. 
That 1s, 


Dạ = (D.+ D;), 


where the equals sign applies only 1f the two vectors point in the same direction. 
In our example (Fig. 3-3), Dạ = 11.2km, whereas ¡ + D; equals 15 km, 
which is the total distance traveled. Note also that we cannot set Dạ equal to 
11.2 km, because we have a vector equation and 11.2 km 1s only a part of the 
resultant vector, Ifs magnitude. We could write something like thĩs, though: 
Dạ = ; + ; = (112km, 27°NofE). 

Figure 3-3 1llustrates the general rules for graphically adding two vectOrs 
together, no matter what angles they make, to get their sum. The rules are as 
follows: 


1. On a diagram, draw one of the vectors—call it Ð,—to scale. 

2. Next draw the second vector, Ö;, to scale, placing its tail at the tip of the 
fñirst vector and being sure 1s đirection 1s COTT€CI. 

3. The arrow drawn from the tail of the first vector to the tip of the second 
vector represenfs the sưưn, or resultan(, of the two vecfOTS. 


The length of the resultant vector represents 1ts magnitude. Note that vectors can 
be moved parallel to themselves on paper (maintaining the same length and 
anple) to accomplish these manipulations. The lenpth of the resultant can be 
measured with a ruler and compared to the scale. Angles can be measured 
with a protractor. This method is known as the tail-to-ftip method of adding 
Y€CfOFS. 

The resultant 1s not affected by the order in which the vecfors are added. 
For example, a displacement of 5.0 km north, to which 1s added a displacement 
of 10.0 km east, yields a resultant of 11.2 km and angle 6Ø = 27° (see Fig. 3-4), 
the same as when they were added in reverse order (Fig. 3-3). That Is, now 
using Ÿ to represent any type of vector, 


Ÿ.+ = Ý,+ V. 


[Mathematicians call this equation the coz#nwfafi0e property of vector addition.] 


FIGURE 3-4 If the vectors are 
added In reverse order, the resultant 
1s the same. (Compare to Fig. 3—3.) 


South 


+x (km) 


SECTION3-2 Addition ofVectors—Graphical Methods B5T† 


The tail-to-tip method of adding vectors can be extended to three or more 
vectors. The resultant 1s drawn from the tail of the first vector to the tip of the last 
one added. An example 1s shown 1n Fig. 3-5; the three vectors could represent 
displacements (northeast, south, west) or perhaps three forces. Check for yourself 
that you get the same resultant no matter in which order you add the three vectfOTs. 


FIGURE 3-5 The resultant of three ⁄ + Ý; + xa Š, 
vectors: Vạ = Vị + V; + V:, 3 Ÿ 
R 


FIGURE 3-6 Vector addition by two 
different methods, (a) and (b). = 
Part (€) 1s Incorrect. 


$*CAUTION 


Be sure to use the correct điagonal on 
the parallelogram to get the resultant 


FIGURE 3-7 The negative of a 
vector is a vector having the same 
length but opposite direction. 


⁄/ 


A second way to add two vecfors 1s the parallelogram method. It is fully equiva- 
lent to the tail-to-tip method. In this method, the two vectors are drawn starting 
from a common origin, and a parallelogram 1s constructed using these fwo vectOTS 
as adjacent sides as shown In Hg. 3—6b. The resultant 1s the diagonal drawn from 
the common origm. In Eig. 3—6a, the tail-to-tIp method 1s shown, and we can see that 
both methods yield the same result. 


—ễ—~- + ° = 
V, Á. 


(a) Tail-to-tip 
(b) Parallelosram 


(c) Wrong 


lt 1s a common error to draw the sum vector as the diagonal running between 
the tips of the two vectors, as in Flg. 3—6c. 7s ¡s incorrecf: it does not represent 
the sum of the two vectors. (In fact, it represents their difference, Ý; — Ÿ¡, as we 
will see in the next Section.) 


CONCEPTUAL EXAMIPLE 3-1 | Range of vector lengths. Suppose two 
vectors each have length 3.0 units. What 1s the range of possible lengths for the 
vector representing the sum of the two? 


RESPONSE The sum can take on any value from 6.0 (= 3.0 + 3.0) where the 
vectors point in the same direction, to 0 (= 3.0 — 3.0) when the vectors are 
antiparallel. Magnitudes between 0Ú and 6.0 occur when the two vecfors are af 
an angle other than 0° and 180”. 


| EXERCISEA If the two vectors of Example 3—1 are perpendicular to each other, what is 
the resultant vector length? 


3—3 Subtraction of Vectors, and 
Multiplication of a Vector by a Scalar 


Given a vector , we define the megafie of this vector (— Ý) to be a vector with 
the same magnitude as Ý but opposite in đirection, Fig. 3-7. Note, however, that 
TO V€CfOT 1S eVer negative In the sense of 1fs magnitude: the magnitude of every 
Vector 1s posifive. Rather, a minus sign tells us about 1ts direction. 
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We can now defne the subtraction of one vector from another: the difference 
between two vectors V; — V, is defined as 


Ý, = Ý, = Ý, SE (—Ÿ). 
That 1s, the difference between two vecfors 1s equal to the sum of the first plus 


the negafive of the second. Thus our rules for addition of vectors can be applied as 
shown In Fig. 3—8 using the tail-to-tip method. 


Š, Ỹ, Š, -ÿ, _ 
¬ — È ——————— = V.,—Ý, Ỷ 


A vector Ý can be multiplied by a scalar c. We define their product so that cÝ 
has the same direction as Ÿ and has magnitude cV. That is, multiplication of a 
vector by a positive scalar c changes the magmitude of the vector by a factor c but 
doesn't alter the direction. IỶ c is a negative scalar (such as —2.0), the magnitude 
of the product cŸ is changed by the factor |c| (where |c| means the magnitude of c), 
but the đirection is precisely opposite to that of Ÿ. See Eig. 3-9. 


3 


EXERCISE B What does the “incorrect” vector in Eig. 3-6c represent? (4) X. 
(5) Vị — V;; (c) something else (specify). 


3-4 Adding Vectors by Components 


Adding vectors graphically using a ruler and protractor 1s often not sufficiently 
accurate and 1s not useful for vectors 1n three dimensions. We discuss now a more 
powerful and precise method for adding vectors. But do not forget graphical 
methods—they are useful for visualizing, for checking your math, and thus for 
getfing the correctf result. 


Components 


Consider first a vector that lies in a particular plane. It can be expressed as 
the sum of two other vectors, called the componen(s of the oripinal vector. The 
componenfs are usually chosen to be along two perpendicular đirectlons, such as 
the x and y axes. The process of finding the components 1s known as resolving the 
vecfor info ïfs componenfs. An example is shown in Fig. 3-10; the vector Ý could 
be a displacement vector that points at an angle Ø = 30” north of east, where we 
have chosen the positive x axIs to be to the east and the positive y axis north. 
This vector is resolved into its x and y components by drawing dashed lines 
(AB and AC) out from the tip (A) of the vector, making them perpendicular to 
the x and y axes. Then the lines 0B and ÚC represent the x and y components 
of Ÿ, respectively, as shown in Fig. 3—10b. These 0ecfor componens are written 
Ýv and Ÿ,. In this book we usually show vector components as arrows, like vectOrs, 
but dashed. The scalar componems, Vy and Vy, are the magnitudes of the vector 
components, with units, accompanied by a positive or negative sign depending on 
whether they point along the positive or negafive x or y axis. As can be seen 1n 
Fig.3-10, Ýy + Ýy = Ý by the parallelogram method of adding vectors. 

Space 1s made up of three dimensions, and sometimes I1f 1s necessary to 
resolve a vector Into components along three mutually perpendicular directions. 


In rectangular coordinates the components are V., „, and Ỷ,. 


Ï 
Ị 
Ị 
Ị 
Ị 
X ¬ X 
0 B East 0 Ýv„ East 


FIGURE 3-8 Subtracting two 


V€CfOTS: MÃ = Ắ. 


FIGURE 3-9 Multiplying a vector Ý 
by a scalar c øgives a vector whose 
magnitude 1s c times øreater and in 
the same direction as Ý (or opposite 
direction 1ƒ c is negative). 


ŸÝ,=15V 


Ÿ;=-20Ÿ 


X.LŠẽ62 2 8---- FIGURE 3-10 Resolving a vector Ý into its 
components along a chosen set oŸ x and y axes. 
The components, once found, themselves 
represent the vector. That is, the componenfs 
conftain as much Information as the vector 1self. 


SECTION 3-4 Adding Vectors by Components 
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To add vectors using the method of components, we need to use the ftrigo- 
nometric functions sine, cosine, and tangent, which we now review. 

Given any angle Ø, as in Eig. 3—11a, a ripht trianple can be constructed by 
drawing a line perpendicular to one of Its sides, as in Fig. 3—11b. The longest 
side of a right triangle, opposite the right angle, 1s called the hypotenuse, which 
we label h. The side opposite the angle Ø 1s labeled ø, and the side adjacent 1s 
labeled a. We let h, o, and a represent the lengths of these sides, respectively. 


FIGURE 3-11 Starting with an angle Ø as 


in (a), we can construct right triangles of 
different sizes, (b) and (c), but the ratio of ộ 
the lengths of the sides does not depend on 


the size of the triangle. 


(a) 


We now define the three trigeonometric functions, sine, cosine, and tangent (abbre- 
viafed sin, cos, tan), in terms of the right triangle, as follows: 


: side OppOSIfe LÒ 

sinØ = 
hypotenuse h 
side adjacent a 

COSØ = = (3-1) 
hypotenuse h 
side OppOSIfe lò 

tan0 = -: ' = —' 
side adjacent q 


If we make the triangle bigger, but keep the same angles, then the ratio of the 
length of one side to the other, or of one side to the hypotenuse, remains the same. 
That ïs, in Fig. 3—-11c we have: a/h = a'/h'!; o/h = oö'/h'!; and o/a = ö'/a'. 
Thus the values of sine, cosine, and tangent do not depend on how bịg the trian- 
gle 1s. They depend only on the size of the angle. The values of sine, cosine, and 
tangent for different angles can be found using a sclentific calculator, or from the 
Table in Appendix A. 
A useful trigeonomeftric IdenfIty 1s 


sinØ + cos”Ø = 1 (3-2) 
which follows from the Pythagorean theorem (ø” + aˆ = #Z in Eig.3—11). That is: 
ø°- đa ø? + d7 hˆ 
sin"Ø + cos”Ø = ve hạn Sâu By 1. 


(See Appendix A and Inside the rear cover for other details on trigonometric 
functions and identities.) 

The use of trigonometric funcftions for finding the componenfts OŸ a VecfOT 1S 
1llustrated in Fig. 3—12, where a vector and 1s two components are thought of as 
making up a right triangle. We then see that the sine, cosine, and tangent are as 
given in Eig. 3-12, where Ø is the angle  makes with the +x axis. If we multiply 


Vy 
V 
cos Ð= Để 
V 
v, 
W 


tan 8= 
the definition of sinØ = W,/W by Won both sides, we get 
2-V2+V2 
V°< Vệ + Tý Wy = Vsin0. (3-3a) 


FIGURE 3-12 Finding the 


components of a vector using Similarly, from the defimition of cos Ø, we obtain 


trigonometric functions. The Wy = Vcos0. (3-3b) 
equations are valid only 1Ÿ Ø is the 

angle Ÿ makes with the positive Note that 1f Ø is not the angle the vector makes with the positive x axIs, Eqs. 3—3 
x aXiS. are not valid. 
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M M W,= VsinØ= 250 m 


North North 
Ý(V=500m) % Ỷ V.=VcosØ =433m 


hộ =VV2+V2 =500 m 
0=30° 0=30° 


0 East NÃ East 
(a) 


Using Eqs. 3-3, we can calculate Vy and Vy for any vector, such as that illus- 
trated in Eig. 3—10 or Eig. 3-12. Suppose Ý represents a displacement of 500 m in 
a đirection 30” north of east, as shown In Hg. 3-13. Then W = 500m. From a 
calculator or Tables, sin 30° = 0.500 and cos 30° = 0.866. Then 


Vy = WcosØ = (500m)(0.866) = 433m (east), 
Vy = VsinØ = (500m)(0.500) = 250m (north). 
There are two ways fO specIfy a vector 1n a ø1ven coordinate system: 


1. We can give ¡fs componenfs, Wy and Vy. 
2. We can g1ve Ifs magnitude V and the angle Ø it makes with the poSIfIVe x aXIs. 


We can shift from one description to the other using Eqs. 3—3, and, for the reverse, 
by using the theorem of Pythagoras” and the definition of tangent: 


V = VWậ+ V; Van) 


tanØ = =—— (3-4b) 


as can be seen In Flg. 3—12. 


Adding Vectors 

We can now discuss how to add vectors using components. The Íirst step 1s fO 
resolve each vector 1nto 1ts components. Next we can see, using Fig. 3—14, that the 
addition of any two vectors V, and V; to g1ve a resultant, Vạ = Vị + V,, Iimplies that 


Vạy = Vy + M2y 


(3-5) 


That 1s, the sum of the x components equals the x component of the resultant vector, 
and the sum of the y components equals the y component of the resultant, as can 
be verified by a careful examination of Hg. 3—14. Note that we do z#ø add x compo- 
nents tO y componens. 

TỶ the magnitude and direction of the resultant vector are desired, they can 
be obtained using Eqs. 3-4. 


ÝIn three dimensions, the theorem of Pythagoras becomes Wƒ = 4/VỆ + V + Vệ, where V; is the 
component along the third, or z, aXIs. 


VRx 


mïmiỶ—. sẽ =“=.======...: 


lx 


FIGURE 3-13 (a) Vector V 
represents a displacement of 500 m 
at a 30° angle north of east. (b) The 
components of Ÿ are Ý¿ and Ýy : 
whose magnitudes are ø1ven on 

the ripht In the diagram. 


FIGURE 3-14 The components of 
Vị — Vị, *r V; are Vx = Mịy sr W2x 
and VRy = Vy + 2y. 
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FIGURE 3-15 Example 3-2. 

(a) The two displacement vectors, 
D¡ and D;. (b) Ö; is resolved into 
its components. (c) Ö; and Ö; are 
added to obtain the resultant Dạ. 
The component method of adding 
the vectors 1s explained In the 
Example. 


jỂ tnosLEM SOLVING 


ldentify the correct quadrant by 
drauing a careƒul diagram 


The componentfs o a øgIven vector depend on the choice of coordinate axes. 
You can often reduce the work 1nvolved In adding vectors by a good cholce of 
axes——for example, by choosing one of the axes to be 1n the same direction as one 
of the vectors. Then that vector wIll have only one nonzero compOonent. 


Mail carriers displacement. A rural mail carrier leaves the 
post office and drives 22.0 km In a northerly direction. She then drives In a direc- 
tion 60.0° south of east for 47.0 km (Eig. 3—15a). What ¡s her displacement from 
the post office? 


APPROACH We choose the positive x axis to be east and the posifIve y axIS tO 
be north, since those are the compass directions used on most maps. The oripin 
Of the xy coordinate system 1s at the post office. We resolve each vector InfO 1s 
x and y components. We add the x componentfs together, and then the y compo- 
nenfs together, øiving us the x and y componenfs of the resultant. 

SOLUTIONE Resolve each displacement vector In(o Ifs components, as shown 
in Eig. 3—-15b. Since Ö, has magnitude 22.0 km and points north, it has only a 
ycomponent: 


Dịy = 0, Dịy = 220km. 

D; has both x and y components: 
D;y = +(47.0km)(cos60°) =  +(47.0km)(0.500) = +23.5km 
D,y = —(47.0km)(sin60°) =_ —=(47.0km)(0.866) —40.7 km. 


Notice that D;y is negative because this vector component points along the 
negative y axis. The resultant vector, Dạ, has componenfs: 


Dạy = Dị + Dạy = 0km + 235km = +235km 

Dạy = Dịy + D;y = 220km + (—40.7km) = —18.7km. 
Thịs specifies the resultant vector completely: 

Dạy = 23.5km, Dạy =_ —18.7 km. 


We can also specify the resultant vector by giving 1fs magnitude and angle using 
Eqs. 3-4: 


Dạ = W Dã, + Dâ, = 4/(3.5km)? + (—187km)? = 300km 


Dạy —18.7km 
tan8 = = = —=0.796. 
= Dạy 23.5 km 
A calculator with a key labeled INV TAN, OT ARC TAN, OT TAN  ØIV€S 
60 = tan !(—0.796) = —38.5°. The negative sign means Ø = 38.5° below the 
x axIs, Fig. 3—l5c. So, the resultant displacement 1s 30.0 km directed at 38.5° 
1n a southeasterly direction. 


1 


NOTE Always be attentive about the quadrant in which the resultant vector 
lies. An electromic calculator does not fully give this Information, but a good 
diagram does. 


As we saw1n Example 3—2, any component that poinfs along the negafIve x Or 
y aXIs øets a minus sign. The signs of trigonomeftric functions depend on which 
“quadrant” the angle falls m: for example, the tangent 1s positive 1n the first and 
third quadrants (from 0° to 90°, and 1807 to 2709), but negative in the second 
and fourth quadrants; see Appendix A, Eig. A—7. The best way to keep track of 
angles, and to check any vector result, 1s always to draw a vector diagram, like 
Fig.3—15. A vector diapram g1ves you something tangrble to look at when analyzIng 
a problem, and provides a check on the results. 

The following Problem Solving Strategy should not be considered a prescrIp- 
tion. Rather 1t 1s a summary of things to do to get you thinking and mnvolved In the 
problem at hand. 
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QoLVIMC 


hy Adding VectOrTS Pay careful attention tO signs: any component that 
fA Here is a brief summary of how to add two or more pomts along the negafive x Or y aXIs øefS a minus siøn. 
©_ vectors using components: 5. Add the x components togcther to øet the x compo- 
œ 1. Draw a điagram, adding the vectors praphically by B000 0000002010210 020006 
either the parallelogram or tail-to-tip method. VRx = Vịy + Vy + any others 
2. Choose x and y axes. Choose them 1n a way, 1Ý possible, Vy = VWịy + Vy + any others. 


that wïll make your work easier. (For example, choose 
one axis along the direction of one of the vectors, which 
then wïll have only one component.) 

3. Resolye cach vector Into 1ts x and y ceomponenfs, 
showing each component along 1ts appropriate 
(x or y) axis as a (dashed) arrow. 


Thịs 1s the answer: the components of the resultant 
vector. Check signs fo see 1Ÿ they fit the quadrant 
shown in your diagram (point 1 above). 

6. lfyou want to know the magnitude and directfion of 
the resultant vector, use Eqs. 3—4: 


4. Calculate each component (when not given) using 1, = À1. + lan = YRy : 
+ ' : = R Rx Ry› 
sines and cosines. If Ø; 1s the angle that vector VỊ VRy 
makes with the positive x axis, then: The vector điasram you already drew helps to obtain 
Wìy = VWicoS6), Wịy = Visin6¡. the correct position (quadrant) of the angle 0. 


EXAMPLE 3-3 | Three short trips. An airplane trip involves three leøs, with +y 
tWO SfOpOVvers, as shown 1n Fig. 3—16a. The first leg 1s due east for 620 km; the North 
second leg is southeast (45°) for 440 km; and the third leg is at 53° south of 
west, for 550 km, as shown. What is the plane”s total displacement? 
APPROACH We follow the steps in the Problem Solving Strategy above. 


SOLUTION 

1. Draw a diagram such as Fig. 3—16a, where Ö.. ;, and D: represent the 
three legs of the trip, and Dạ 1s the plane”s total displacement. 

2. Choose axes: Axes are also shown 1n Eig. 3—16a: x 1s east, y north. 

3. Resolye components: Ít is Imperatfive to draw a good diagram. The components 
are drawn In Eig. 3—16b. Instead of drawing all the vectors starting from 
a common origin, as we did mm Eig. 3—15b, here we draw them “tail-to-tip” 'North 
style, which 1s Just as valid and may make 1t eaSler to see. 

4. Calculate the componenfs: 

D,:D¿ = +D,cos = D, = 620km 
Dịy = +D,sn0P = 0km 


y 
D;:D,y¿ = +D;cos45° = +(440km)(0.707) = +311km 
Dạy = —D;sin45° = -(440km)(0.707) = -311km 
;:D;¿ = —D;cos53° = -—(550km)(0.602) = —331km 
Dạy = —D;sin53° = -—(550km)(0.799) = —439 km. 


(b) 
We have given a minus sien to cach component that in Flg. 3—16b points in the FIGURE 3—16 Example 3-3. 


—xOr —ydirection. The components are shown 1n the Table in the margin. 
5. Add the componenfs: We add the x components together, and we add the 
y componentfs together to obtain the x and y components of the resultant: 


Components 
Dạy = Dịy + Dạy + Dịy = 620km + 311km - 331km = 600km Vector +x (km) y ®&m) 
Dạy = Dịy + Dyy + D;y = — 0km — 311km — 439km = —750km. Öị 620 0 
The x and y components of the resultant are 600 km and —750 km, and point Ð; Set Kế 
Tespecfively to the east and south. Thĩs 1s one way to g1ve the answer. Ð; _ Bui ú 
Ủạ 600 —750 


6. Magnitude and directfion:We can also g1ve the answer as 
Dạy = \/Dã, + Dậ, = \/(600)? + (—750)”km = 960km 
Day _ -750km 
{ = —= = -1.25 = =5I?. 
THỊ SN 600 km niên 


Thus, the total displacement has magnitude 960 km and points Š51° below the 
x axIs (south of easf), as was shown 1n our original sketch, Eig. 3—16a. 
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3—5 Projectile Motion 


In Chapter 2, we studied the one-dimensional motion of an object in terms of dis- 
placement, velocity, and acceleration, including purely vertical motion of a falling 
obJect undergoing acceleration due to gravity. Ñow we examine the more general 
translational motion of obJects moving throuph the aïr in two dimensions near the 
Earth”s surface, such as a golf ball, a thrown or batted baseball, kicked footballs, 
and speeding bullets. These are all examples of projecfile mofion (see Fig. 3-17), 
which we can describe as taking place 1n two dimensions 1Ÿ there 1s no wind. 

Although arr resistance 1s offen Important, in many cases 1s effect can be 
1pnored, and we will ipnore 1t in the following analysis. We will not be concerned 
now with the process by which the obJect 1s thrown or proJected. We consider only 
1{s motlon aƒ#ier 1t has been proJected, and beƒfore 1t lands or 1s caupht—that 1s, 
we analyze our proJected obJect only when 1t 1s moving freely through the air under 
the action of gravity alone. Then the acceleration of the obJect 1s that due to øravIty, 
which acts downward with magnitude g = 9.80 m/s”, and we assume it is constant.” 

Galileo was the first to describe projectile motion accurately. He showed that 
1t could be understood by analyzing the horizontal and vertical componenfts of 
the mofion separately. For convenlence, we assume that the motion begins at 
time £ = 0 at the origin of an xy coordinate system (so xạ = yụ = 0). 

Let us look at a (tiny) ball rolling off the end of a horizontal table with an 
Iinitial velocity In the horizontal (x) direction, Ÿyọ. See Fig. 3—18, where an obJecf 
falling vertically 1s also shown for comparison. The velocity vector Y at each Instant 
pormmfs mm the direction of the ball's motion at that Instant and 1s thus always tangent 
to the path. Following Galileo's ideas, we treat the horizontal and vertical compo- 
nenfs of velocity and acceleration separately, and we can apply the kinematic 


(œ) equations (Eqs. 2—11a through 2—11c) to the x and y components of the motion. 
FIGURE 3-17 Photographs of First we examine the vertical (y) component of the motion. At the instant 
(a) a bouncing ball and (b) athrown the ball leaves the table* top (/ = 0), it has only an x component of velocIty. 
basketball, each showing the Once the ball leaves the table (at í = 0), 1t experlences a vertically downward 
characteristic “parabolic” path of acceleration ø, the acceleration due to gravity. Thus øy is initially zero (yạ = 0) 
projectile motion. but increases continually in the downward direction (until the ball hits the 
ground). Let us take y to be positive upward. Then the acceleration due to pravity 
1s in the —y direction, so øy = —g. From Eq. 2-11a (using y in place oŸ x) we 
Can WrIt€ 0y = 0yạ + ayf = —gí since we set yạ = 0. The vertical displacement 


ls given by Eq. 2-1Ib writen in terms oŸ y: y= yụ + Ðyạ + 3 ñy Ẻ. 
Given yụ = 0, yọ = 0, and ay = —g, then y= —2g”. 


PThis restricts us to objects whose đistance traveled and maximum height above the Earth are small 
comparced to the Earth”s radius (6400 km). 


FIGURE 3-18 Projectile motion of a small 
ball proJected hor1zontally with initial 
velocity V = Vyọ. The dashed black line 
represents the path of the object. The 
velocIty vector V 1s in the direction of 
motion at each point, and thus 1s tangent to 
the path. The velocity vectors are øreen 
arrows, and velocity components are dashed. 
(A vertically falling object starting from rest 
at the same place and time 1s shown at the 
left for comparison; y 1s the same at each 
Instant for the falling obJect and the 
projectile.) 


x 
ProJectile 
moftion 


ï”=.. 


Vertical 
fall 


= 


58 CHAPTER3 Kinematics inTwo Dimensions; Vectors 


In the horizontal direction, on the other hand, there is no acceleraftion (we are 
Ipnoring aIr resistance). With zy = 0, the hor1zontal component of velocity, 0y, 
remaIns constant, equal to 1s inial value, xạ, and thus has the same magnitude 
at each point on the path. The horizontal displacement (with ay = 0) is given by 
x= Đyạf + ÿayf? = 0yạt. The two vector components, ÿ„ and Ýy„, can be added 
vectorially at any instant to obtain the velocity Ý at that time (that is, for cach 
poïint on the path), as shown in Eig. 3—18. 

One result of this analysis, which Galileo himself predicted, 1s that an objecf 
projected horizontally tuill reach the ground in the same từne as an object dropped 
0ertically. Th1s 1s because the vertical motlons are the same 1n both cases, as shown 
in Fig. 3-18. Figure 3-19 1s a multiple-exposure photograph of an experiment 
that confIrms this. 


EXERCISE €_Two balls having different speeds roll off the edge of a horizontal table at 
the same time. Which hits the floor sooner, the faster ball or the slower one? 


If an oblect 1s projJected at an upward angle, as in FEig. 3—20, the analysIs 1s 
similar, except that now there 1s an Initial vertical component oŸ velocIty, 0y. 
Because of the downward acceleration of gravity, the upward component of 
velocity y gradually decreases with time until the obJect reaches the highest 
point on ifs path, at which point øy = 0. Subsequently the object moves down- 
ward (Eig. 3-20) and 0y increases in the downward direction, as shown (that is, 
becoming more negative). As before, »y remains constant. 


FIGURE 3-19 Multiple-exposure 
photograph showing positions of 
two balls at equal time Intervals. 
One ball was dropped from rest at 
the same time the other ball was 
proJected hor1zontally outward. 


The vertical position of each ball is 


y seen to be the same at each Instant. 
Yy,= 0 at this point 


M 
ă l. FIGURE 3-20 Path of a projectile launched with 
Vy To Initial velocity Vọ at angle đọ to the hor1zontal. 
% Path ¡is shown dashed in black, the velocity 


` V€CfOrS are øreen arrows, and velocity 
components are dashed. The figure does 

not show where the proJectile hits the pround 
(at that point, proJectile motion ceases). 


ti %, 


I 
l 
M 
| EXERCISED Where in Fig. 3-20 is (ï) ý = 0, (1ñ) »y = 0, and G1) »y = 02 


Where does the apple land? A child sits 
upright in a wagon which 1s moving to the right at constant speed as shown 1n 
Fig. 3-21. The child extends her hand and throws an apple straightupward  FIGURE 3-21 Example 3-4. 
(from her own poiïnt of view, Fig. 3—21a), while the wagon continues to travel Ÿy0 
forward at constant speed. TỶ air resistance 1s neglected, will the apple land 
(2) behind the wagon, (b) in the wagon, or (c) In front of the wagon? 


RESPONSE The child throws the apple straight up from her own reference frame 
with initial velocity Ÿyọ (Eig. 3—21a). But when viewed by someone on the ground, 
the apple also has an Imrtial horizonfal component of velocrty equal to the speed of 
the wagon, Vyọ. Thus, to a person on the øround, the apple wIll follow the path of 
a projJectile as shown 1n Eig. 3—21b. The apple experiences no hor1zontal accel- 
eration, so Yxo WIll stay constant and equal to the speed of the wagon. As the 
apple follows 1ts arc, the wagon will be directly under the apple at all times 
because they have the same hor1zontal velocity. When the apple comes down, 1t 
wIll drop ripht into the outstretched hand of the chĩld. The answer ïs (ð). 


(b) Ground reference frame 


EXERCISE E Return to the Chapter-Opening Ouestion, page 49, and answer it again 
now. Try to explain why you may have answered differently the first time. Describe the 
role of the helicopter In this example of proJectile motion. 
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T PROBLEM SOLVING 
Choice öƒ từme interual 


QoLVI Me 


Projectile Motion 


Our approach to solving Problems in Section 2~6 also 
applies here. Solving Problems Involving proJectie 
motion can requIre creafivity, and cannot be done Just 
by following some rules. Certainly you must avoid Just 
plugging numbers info equations that seem to “work.” 

1. As always, read carefully; choose the object (or 

objects) you are øoïng to analyze. 
2. Draw a careful điageram showing what 1s happening 


to the obJect. 


3—6 Solving Projectile Motion Problems 


We now work through several Examples of proJectile motion quanfitatively. We 
use the kinematic equations (2—11a through 2—11c) separately for the vertical and 
hor1zontal components of the moftion. These equations are shown separately for 
the x and y componentfs of the motion 1n Table 3—1, for the general case of two- 
dimensional motion at constant acceleration. Note that x and y are the respecfive 
displacements, that øy and »y are the componentfs of the velocity, and that 
ay and ay are the components of the acceleration, each of which is constant. 
The subscript 0 means “at ƒ = 0.” 


TABLE 3-1 General Kinematic Equations for Constant Acceleration 
in Two Dimensions 


x component (horizonfal) y component (vertical) 


Đy = ĐÐyoạ + ay£ (Eq.2-11a) Đy = Đyg + ayf 
x = xụ + Đygf + ‡ayf2 (Eq. 2-11b) y= yụ † Đygf + 2ayt” 
U% = Đặa + 2ax(x = *o) (Eq.2-11c) 1ý = $0 + 2ay(y — wụ) 


We can simplify Eqs.2—11 to use for proJectile motion because we can set ay = ÔÖ. 
See Table 3-2, which assumes y 1s posifive upward, so øy = —g = —9.80 m/S`. 


TABLE 3-2 Kinematic Equations for Projectile Motion 
(y positive upward; ø, = Ú, zy = —g = —9.80 m/5”) 


Horizontal Motion Vertical MotionÏ 

(ay = 0, 0y = consfanf) (ay = —g = constant) 

y = Đxg (Eq.2-11a) 0y = Đyo — 6Í 

x= xọ †+ ®ygf (Eq. 2-11b) y= Wọ † Đyof — 3 g2 
(Eq.2-11c) Uý = Đỳa — 28(y — 3M) 

T 1Ý y is taken positive downward, the minus (— ) signs in front of g become + signs. 


Tf the proJection angle Ø; is chosen relative to the + x axis (Fig. 3-20), then 


Đyo =_ ĐạCOSỚg, and =_ 0osin0a. 


y0 
In dong Problems Involving proJectile motion, we must consider a time mnterval for 
which our chosen obJect 1s 1n the arr, influenced only by gravity. We do not consider 
the throwing (or projectine) process, nor the time after the object lands or 1s caupht, 
because then other infiluences act on the object, and we can no longer set ä = ÿ. 


5. Examine the horizontal (x) and vertical (y) motions 
separately. If you are given the Imitial velocity, you 
may want to resolve 1f into 1s x and y componenfs. 

6. List the known and unknown quantities, choosing 
ax=0 and ay= —g or +g, where ø = 9.80 m/$5”, 
and using the + or — sign, depending on whether 
you choose y positive up or down. Remember that 
0x never changes throughout the traJectory, and that 
0y= 0 at the hipghest point of any trajectory that 
returns downward. The velocity Just before landing 1s 
generally not zero. 


. Choose an origin and an xy coordinate sysftem. 
. Decide on the time interval, which for projectile 


mofion can only include motion under the effect of 
gravity alone, not throwing or landing. The time Inter- 
val must be the same for the x and y analyses. The x 
and y motions are connected by the common time, í. 
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-- Think for a minute before jumping 1nto the equations. 


A lile planning goes a long way. Apply the relevant 
equafions (Table 3-2), combining equations IÝ neces- 
sary. You may need to combine components of a 
vector to øet magnitude and direction (Edqs. 3-4). 


EXAMPLE 3-5 Driving off a cliff. A movie stunt driver on a motorcycle 
speeds hor1zontally off a 50.0-m-hiph clHíf. How fast must the motorcycle leave 
the chữ top to land on level ground below, 90.0 m from the base of the clif where 
the cameras are? Ignore aIr resistance. 

APPROACH We explicitly follow the steps of the Problem Solving Strategy 
on the prevIous page. 
SOLUTION 


1. and 2. Read, choose the objecf, and draw a điagram. Our obJect 1s the mofoTr- 
cycle and driver, taken as a simgle unit. The diagram 1s shown 1n Eig. 3—22. 


3. Choose a coordinafe system. We choose the y direction to be positive FIGURE3-22 Example 3-5. 
upward, with the top of the chff as yọ = 0. The x direction 1s horizontal with 
xọ = 0 at the point where the motorcycle leaves the clIff. 


4. Choose a time interval. We choose our time interval to begin (f = 0) just as 
the moforcycle leaves the clíf top at posilon xạ = 0, yọạ =0. Our time 
1nterval ends Just before the motorcycle touches the ground below. 

5. Examine x and y mofions. In the horizontal (x) direction, the acceleration 
ay= 0, so the velocify 1s constant. The value of x when the motorcycle 
reaches the ground 1s x = +90.0m. In the vertical direction, the accelera- 


tion is the acceleration due to gravity, øy = —g = —9.80 m/ s”. The value of 
y when the motorcycle reaches the ground1s y = —50.0m. The imtial veloc- 
1ty 1s horizontal and 1s our unknown, øyạ; the initial vertical velocify 1s zero, 
Đyo =0. 
6. List knowns and unknowns. See the Table in the margin. Note that in addition Kuờơn UnEniown 
to not knowing the mnitial hor1zontal velocity xạ (which stays constant until 
| Ề š *o ~ *o— 0 x0 
anding), we also do not know the time f when the motorcycle reaches the = 
x = 90.0m lộ 
øround. y= -50.0m 
7. Apply relevanf equatfions. The motorcycle maintains constant 0y as long asit  zy= 0 
is in the air. The time it stays in the aïr is determined by the y motion—when  øy = —g = —9.80m/$7 


1t reaches the ground. So we first find the time using the y motion, and then  yo = 
use this time value In the x equatlons. To find out how long 1t takes the 
motorcycle to reach the ground below, we use Eq.2—11b (Tables 3—1 and 3-2) 

for the vertical (y) direction with yọ = 0 and 0yạ = 0: 


y = yp+ Đyạt + 2ayŸf 
= 0+ 0 +ÿ¿(-g)? 
OT 
ÿ= ch UP 
We solve for f and set y = —50.0m: 


l2y Í2(—50.0m) 
f = = = 3.19s. 
“£ —9.80 m/s7 


To calculate the imitial velocifty, 0g, we again use Eq.2—11b, but this time for 
the horizontal (x) direction, with zy = 0 and xạ = Ú: 


x = #xgo+ Đygf + ÿsayf? 
= 0+0uf+ 0 
OT 
ĐÀ. Đyọf. 
Then 
* 90.0m 
= = = 28.2m/, 


x0 1 3/19s 
which ¡is about 100 km/h (roughly 60 mi/h). 


NOTE In the time mnterval of the proJectile motion, the only acceleration 1s ø1n 
the negative y direction. The acceleration 1n the x direction 1s ZerO. 
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M Yy =0 at this poïnt 


FIGURE 3-23 Example 3-6. 


W0 |ä=8 


A kicked football. A kicked football leaves the ground at 
an angle Øạ = 37.0° with a velocity of 20.0 m/s, as shown ïn Eig. 3-23. Calculate 
(2a) the maximum heipht, (b) the time of travel before the football hits the pround, 
and (c) how far away it hits the pround. Assume the ball leaves the foot at pround 
level, and Ignore air resistance and rotation of the ball. 


đÒpHvysics APPLIED 
SDOFfS 


APPROACH This may seem difficult at first because there are so many questions. 
But we can deal with them one at a time. We take the y direction as posifive 
upward, and treat the x and y motions separately. The total time In the a1r 1s aøain 
determined by the y motion. The x motion occurs at constant velocity. The y com- 
ponent of velocity varies, being positive (upward) initially, decreasing fo zero at 
the highest point, and then becoming negafive as the football falls. 
SOLUTION We resolve the initial velocity Iinto 1fs components (Fig. 3—23): 

Đxọ = ®ạcos37/.0° = (20.0m/s)(0.799) = 16.0m/s 

Đyọ = ®ạsin370°® = (20.0m/s)(0.602) = 12.0m/s. 
(2) To find the maximum heipht, we consider a time Interval that begins Just after 
the football loses contact with the foot until the ball reaches 1s maximum height. 
During this time 1nterval, the acceleration 1s  downward. At the maximum 
height, the velocity is hor1zontal (Eig. 3-23), so œy = 0. This occurs at a time given 
by 0y = 0yạ — gf with 0y = 0 (see Eq.2-11a in Table 3-2), so 0yạ = gf and 

Đ 12.0 m/s 
—..`—. = 1224s ~ 122%. 
š (9.80 m/5”) 
From Eq.2-11b, with yụ = 0, we can solve for y at this time (/ = 0yo/8): 
2 2 2 2 
Đụo - 1 Đẹo — Đo (12.0m/s) 
= ygf —$gí? h = 7.35m. 
ĐÔ Su chờ 8 28 2g  2(980m/s) 

The maximum height is 7.35 m. [Solving Eq. 2—11c for y g1ves the same result.] 


(b) To find the time ït takes for the ball to return to the ground, we consider a 
đifferent time 1nterval, starting at the moment the ball leaves the foot (í =0, 
yọ = 0) and ending just before the ball touches the ground (y = 0 again). 
We can use Eq.2-11b with yọ = 0 and also set y = 0 (pround level): 
y = y+ Đyạf — 2g 
0 = 0+ ạt — jgÊ. 
Thịs equation can be factored: 
f(Šg† — 0yạ) = 0. 
There are two solutions, £ = 0 (which corresponds to the imtial poit, yụ), and 
2Ð 2(12.0m/s 
.... b = 24ãn, 
8 (9.80 m/5s”) 
which 1s the total travel time of the football. 
(c) The total distance traveled in the x direction 1s found by applying Eq. 2—11b 
with xạ=0, øx=0, øy¿; = 16.0m/s, and f = 2.45s: 
x = ysf = (160m/s)(2.45s) = 39.2m. 
NOTE In (5),the time needed for the whole trip, f = 20yo/g = 2.45 s, is double 
the time to reach the highest point, calculated in (2). That 1s, the time to go up 
equals the time to come back down to the same level (ignoring aIr resistance). 


JỂ posLrm SOLVING 
Symmetry 
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EXERCISE F In Example 3—6, what is (z) the velocity vector at the maximum heipht, and 
(B) the acceleration vector at maximum height? 


In Example 3—6, we treated the football as 1f it were a particle, ignoring 11s 
rofation. We also ignored aIr resistance. Because aIr resistance 1s significant on a 
football, our results are only estimates (mainly overestimates). 


The wrong strategy. A boy on a small hill 
aims his water-balloon slingshot hor1zontally, straight at a second boy hanging from 
a tree branch a distance đ away, Hg. 3—24. At the mstant the water balloon 1s released, 
the second boy lets go and falls from the tree, hoping to avoid being hit. Show that 
he made the wrong move. (He hadn't studied physics yet.) Ignore aïr resistance. 


RESPONSE Both the water balloon and the boy ¡in the tree start falling at the 
same instant, and in a time í they each fall the same vertical distance y = ¿gí?,  FIGURE 3-24 Example 3-7. 
much like Eig. 3—19. In the time 1t takes the water balloon to travel the horizontal 

distance đ, the balloon wIll have the same y posiftion as the falling boy. Splat. I 

the boy had stayed in the tree, he would have avoided the humiliation. 


Level Horizontal Range 

The total distance the football traveled in Example 3—6 1s called the horizontal FIGURE 3-25 (a) The range Ñ of a 
ransøe ®. We now đerive a formula for the range, which applies to a projectile that  projectile. (b) There are generally 
lands at the same level it started (= yụ): thatis, y (final) = yụọ (see Eig.3-25a). - two angles that will give the 
Looking back at Example 3—6 part (c), we see that x = R = øygf where (from $ame range. lfone angle ís đụy, 


partb) í = 2øyg/g. Thus the other Is Øẹạ = 907 — đại. 
7 : Example 3-8. 
20yg 20xo Đyo 20 sin Øạ cOs Øụ 
R Đyof Đ = = , [y = 1w 3} h 
x0 x0 y Mộ y=0again here 
§ § +o=0 (where x = ®) 


where xạ = 0y coSØẹ and yạ = %ụ sin 6ạ. Thịs can be rewritten, using the trigon- Yo= 0 
ometric identity 2 sin Ø cos Ø9 = sin 29 (Appendix A or inside the rear cOver): 
MÀ . 
§ sm 20 : ớ 
= = [only If y(ñnal) = | 
Note that the axữnum range, for a given 1nitial velocity œạ, is obtained when 
sin 26 takes on 1fs maximum value of 1.0, which occurs for 2Ø; = 90”; so 


0, = 45° for maximum range, and R„ay = 22/8. 60 
: : : : ⁄ ¬ 
The maximum range Increases by the square of ạ, so doubling the muzzle velocIty XE .c N vé 
OŸ a cannon Increases 1s maximum range by a factor oŸ 4. Z— TA —»45° 
'When arr resistance 1s Important, the range 1s less for a øg1ven 0, and the maxI- >z 
mum range 1s obtained at an angle smaller than 45”. (b) 


EXAMPLE 3-8 | Range of a cannon ball. Suppose one of Napoleon's cannons 
had a muzzle speed, œ, of 60.0 m/s. At what angle should ¡it have been aimed 
(ignore aIr resistance) to strike a target 320 m away? 


APPROACH We use the equation just derived for the range,  = œsin20ạ/g, 
with ® = 320m. 


SOLUTION We solve for sin 20 m the range formula: 


2 

sin20, = TẾ = 620 E)IỆ0 mi °) _ gm, 

Độ (60.0 m/s) 

We want to solve for an angle 0g that 1s between 0° and 90°, which means 20; in 
this equation can be as large as 180”. Thus, 2Øạ = 60.6” 1s a solution, so Øạ = 30.3”. 
But 20; = 180° — 60.6” = 119.4? 1s also a solution (see Appendix A-7), so 
6; can also be Ø0; = 59.7°. In general we have two solutions (see Fig. 3—25b), 
which in the present case are øgIven by 

0Ø, = 30.3° or 59.72. 


Either angle gives the same range. Only when sin 20; = 1 (so Ø0; = 45°) 1s there 
a single solution (that 1s, both solutions are the same). 
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Xứ ấ ác ` 
FIGURE 3-26 Example 3-9: the eœy ll.. = 0 NI 
football leaves the punter's footat z3 + ` —y 
` 
y =0, and reaches the ground ì ` 
where y = —1.00m. k 
y= -1.00m : 


Ground 


EXAMPLE 3-9 | A punt. Suppose the football in Example 3—6 was punted, 
and left the punter”s foot at a height of 1.00 m above the ground. How far did 
the football travel before hitting the ground? Set xạ = 0, yọ = 0. 
APPROACH The only difference here from Example 3—6 1s that the football hits 
the ground befo 1s starting point of yụ = 0. That 1s, the ball hits the ground at 
y = —1.00m. See Hg.3—26. Thus we cannot use the range formula which is valid 
onlyIf y (fñnal) = yụ. Asin Example 3-6, œạ = 20.0m/s, Øạ = 37.0. 
SOLUTION With y = —1.00m and 0y = 12.0m/s (see Example 3-6), we use 
the y version of Eq. 2-11b with ay = —g, 

y = Đo + Đyạt — 28Ẻ, 
and obtain 
100m = 0+ (12.0m/s)/ — (4.90 m/s”)/?. 
We rearrange this equation into standard form (ax” + bx + c = 0) so we can 
use the quadratic formula: 
(4.90 m/s”)/? — (12.0m/s)/ — (100m) = 0. 
The quadratic formula (Appendix A-4) g1ves 
12.0m/s + 4/⁄(—12.0 m/s)? — 4(4.90 m/s?)(—1.00 m) 
ˆ 2(4.90 m/s?) 
= 2.53s or —0.081s. 
The second solution would correspond to a time prior to the kick, so 1t doesn”t 
apply. With í = 2.53s for the time at which the ball touches the ground, the 
horizontal distance the ball traveled is (using xạ = 16.0m/s from Example 3~6): 
x = 0y = (16.0m/s)(253s) = 40.5m. 
Our assumption in Example 3—6 that the ball leaves the foot at ground level 
would result in an underestimate of about 1.3 m in the distance our punt traveled. 


@ÒPHvsics APPLIED 
SDOFfS 


jỂ "RosLM SOLVING 


Do not use any ƒormula unless you 
are sure is range öoƒ 0alidily fits the 
problem; the range ƒormula does 
not apply here beCause y # yụ 


*3—7 Projectile Motion Is Parabolic 


We now show that the path followed by any proJectile 1s a parabola, 1Í we can 
1ÿnOT€ a1r resistance and can assume that 8 1s constant. To do so, we need to find 
y as a function of x by eliminating f between the two equations for horizontal and 
vertical motion (Eq. 2—11b in Table 3-2), and for simplicity we set xạ = yụ = Ö: 

x* = ĐyụÍ 

= 1 „x2 

ma = Đyof — ?§8. 
From the fñrst equation, we have ƒ = x/0xạ, and we substitute thĩs into the second 
one fo obtain 


Đyo § 2 
= : 3-6 
⁄ bạ b2.) : 


We see that y as a function of x has the form 
y= Ax_- Bx, 
where 4 and Ö are constants for any specific proJectile mofion. Thịs 1s the standard 


equation for a parabola. See Figs. 3—17 and 3-27. 
The idea that proJectile motion 1s parabolic was, in Galileo”s day, at the fore- 


FIGURE 3-27 Examples of 
proJectile motion: a boy Jumping, 
and glowing lava from the volcano ' : là: : : 
Stromboli. front of physics research. Today we discuss 1t in Chapter 3 of1ntroductory physics! 


“Some Sections of this book, such as this one, may be considered øpíional at the discretion of the 
64 CHAPTER 3 1nstructor. See the Preface for more details. 


3-8 Relative Velocity 


We now consider how observations made 1n different frames of reference are 
related to each other. For example, consider two trains approaching one another, 
cach with a speed of 80 km/h with respect to the Earth. Observers on the Earth 
beside the train tracks will measure 80 km/h for the speed of each of the trains. 
Observers on either one of the trains (a different frame of reference) will mea- 
sure a speed of 160 km/h for the train approaching them. 

Similarly, when one car traveling 90 km/h passes a second car traveling in 
the same direction at 75 km/h, the first car has a speed relative to the second car 
of 90km/h — 75 km/h = 15 km/h. 

'When the velocifies are along the same line, simple addition or subtraction 1s 
sufficient to obtain the relative velocify. But 1f they are not along the same line, we 
mnust make use of vector addition. We emphasize, as mentioned 1n Section 2—1, that 
when specifying a velocify, 1† 1s Important to specify what the reference frame 1s. 

When determining relative velocify, 1t 1s easy to make a mistake by adding 
or subfracting the wrong velocifies. If is Important, therefore, to draw a điagram 
and use a careful labeling process. Each velocity 1s labeled by /#0o subscripts: 
the first refers to the object, the second to the reference frame in t0hích it has thỉs 
elociy. For example, suppose a boat heads directly across a river, as shown 
1n Eig. 3—28. We let Ypw be the velocity of the Boat with respect to the Water.  FIGURE3-28 A boat heads north 
(This ¡1s also what the boat's velocity would be relative to the shore If the  directy across a river which flows 
water were still.) Similarly, ýss is the velocity of the Boat with respect to the Shore,  west. Velocity vectors are shown as 
and Wws is the velocity of the Water with respect to the Shore (this 1s the river  S5F€€H AITOWS: 


current). Note that Ÿgsw is what the boat's motor produces (against the water), Yps = velocity of Boat with 
whereas Vps is equal to Ÿgw plus the effect of the current, Ÿws. Therefore, the respect to the Shore, 
velocity of the boat relative to the shore is (see vector diagram, Eig. 3-28) Ypw = velocity of Boat with 


respect to the Water, 


velocity of Water with 
respect to the Shore 
(river current). 


Mi = Vhw bu Vự. (3-7) Vws 


By writing the subscripts using this convention, we see that the Inner subscrIpfs 
(the two W*) on the right-hand side of Eq. 3-7 are the same; also, the outer 
subscripts on the right of Eq. 3-7 (the B and the S) are the same as the two 
subscripts for the sum vector on the left, ýss. By following this convenfion (firsf 
subscript for the object, second for the reference frame), you can write down the 
correct equation relating velocities in different reference frames.” 

Equation 3-7 1s valid In general and can be extended to three or more 
velocifies. For example, 1ƒ a fisherman on the boat walks with a velocity Yrpg rela- 
tive to the boat, his velocity relative to the shore 1s Ÿgs = Ypg + Ÿpgw + Ÿws. The 
equations imnvolving relative velocity wIll be correct when adjacent Inner subscrIpfs 
are Identical and when the outermosf ones correspond exactly to the two on the 
velocity on the left of the equation. But this works only with plus signs (on the 
ripht), not minus sipns. 

Tt 1s offten useful to remember that for any two obJects or reference frames, 
A and B, the velocity of A relative to B has the same magnitude, but opposIte 
direction, as the velocity of B relative to A: 


As It crosses the river, the boat 1s 
dragged downstream by the current. 


VBA = T—ŸAn.- (3-8) 
For example, If a train is traveling 100 km/ñh relative to the Earth in a certain 


đirection, objects on the Earth (such as trees) appear to an observer on the train 
to be traveling 100 km/h in the opposite direction. 


TWe thus can see, for example, that the equation Ÿpw = Vps + Vws is wrong: the inner subscripts 
are not the same, and the outer ones on the right do not correspond to the subscriptfs on the left. 


SECTION3-8 RelativeVelocity 6B 


EXAMPLE 3-10 | Heading upstream. A boats specd In still wafer 1S 0pgw = 
1.85 m/s. If the boatïs to travel north directly across a river whose westward current has 
speed øws = 1.20 m/s, at what upstream angle must the boat head? (See Fig. 3-29.) 


APPROACH TỶ the boat heads straipht across the river, the current will drag 
the boat downstream (westward). To overcome the rivers current, the boat 
must have an upstream (eastward) component of velocity as welÏ as a cross-stream 
(northward) component. Figure 3-29 has been drawn with Ÿgs, the velocIty of 
the Boat relative to the Shore, pointing directly across the river because this 1s 
where the boat is supposed to go. (Note that Ÿpgs = Ÿpgw + Ÿws.) 


SOLUTION. Vector Ÿgự poinfs upstream at angle Ø as shown. From the diagram, 
0ws — 1⁄20m/s 
ĐBw 1.85 m/s 
Thus Ø = 40.4”, so the boat must head upstream at a 40.4” angle. 


sin0 = = 0.6486. 


FIGURE 3-29 Example 3-10. 


Heading across the river. The same boat (0gsw = 1.85 m/s) 
now heads directly across the river whose currert is still 1.20 m/s. (z) What is the velocity 
(magnitude and direction) of the boat relative to the shore? (b) If the rrver is 110m 
wide, how long wïll it take to cross and how far downstream wIll the boat be then? 
APPROACH The boat now heads directly across the river and ¡s pulled down- 
s(ream by the current, as shown 1n Eig. 3—30. The boat's velocity with respect to 
the shore, Yps, 1s the sum of1ts velocity with respect to the water, Ygụw., plus the 
velocity of the water with respect to the shore, Wụs: Just as before, 


FIGURE 3-30 Example 3-11. 
A boat heading directly across a 
river whose currenf moves af 


1.20 m/s. z - ằ 
Vps = Vpw TT Vws. 


SOLUTION (az) Since Ypgụw is perpendicular to ŸVws, We can get øgs using the 
theorem of Pythagoras: 


Đps = N\/ãw + Đá = N/(1.85m/s)? + (1⁄20m/s)? = 2.21m/s. 
We can obtain the angle (note how Ø 1s definedin Fig. 3-30) from: 
tanØ = øws/sw = (1⁄20m/s)/(185m/s) = 0.6486. 


A calculator with a key INV TAN Or ARC TAN OT TAN lgives Ø = tan 1(0.6486) 
= 33.0”. Note that this angle 1s not equal to the angle calculated in Example 3—10. 


(b) The travel time for the boat 1s determined by the time it takes to cross the 
Tiver. Civen the river)s width D = 110m, we can use the velocify component 1n the 
direction of D, øgw = D/í. Solving for, we get / = 110 m/1.85 m/s = 59.5s. 
The boat will have been carried downstream, In this time, a distance 


đd = 0wsf = (120m/s)(595s) = 714m + 71m. 


NOTE There ¡is no acceleration in this Example, so the motion involves only 
constant velocitIes (of the boat or of the rIver). 


 Summary 


A quantity such as velocity, that has both a magnitude and a 
direction, 1s called a vector. A quantity such as mass, that has 
only a magnitude, ¡s called a scalar. On diagrams, vectOrs are 
represented by arrows. 

Addition of vectors can be done graphically by placing the 
tail of each successive arrow at the tip of the previous one. The 
sum, or resultant vecfor, 1s the arrow drawn from the tail of the 


Given the components, we can find a vecfor's magnitude and 
direction from 


V 
V =VVỆ+V?,  tanô = Ta 
xXx 


Projectile mofion is the motion of an object in the atr near the 
Earth's surface under the effect of sravity alone. It can be analyzed 
as fWO separate motIons 1Ÿ air resistance can be ignored. The hori- 


(3-4) 


Íirst vector to the tip of the last vector. Two vectors can also be 
added using the parallelogram method. 

Vectors can be added more accurately by adding their 
componenfs along chosen axes with the aid oÝ trigonometrIc 
{unctions. A vector of magnitude V making an angle Ø with the 
+x axIs has componenfs 


Vy = Vcos0, Wy = Vsin0. (3-3) 


zonfal component of motion 1s at constant velocity, whereas the 
vertical component 1s at constant acceleration, 8, just as for an 
object falling vertically under the action Of øravIty. 

The velocity of an object relative to one frame of refer- 
ence can be found by vector addition 1Ÿ its velocity relative to a 
second frame of reference, and the relafive velocify of the two 
reference frames, are known. 
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 Questions 


1. 


13. 


One car travels due east at 40 km/h, and a second car travels 
north at 40 km/h. Are their velocities equal? Explain. 


„ Can you conclude that a car 1s not accelerafting 1 its speed- 


ometer indicates a steady 60 km/h? Explain. 


„ Give several examples of an objects motion in which a great 


đistance 1s traveled but the displacement 1s Zero. 


.„ Can the displacement vector for a particle moving In two 


dimensions be longer than the length of path traveled by the 
particle over the same time interval?2 Can 1t be less? Discuss. 


- During baseball practice, a player hits a very high fly ball 


and then runs In a straight line and catches 1t. Which had 
the greater displacement, the player or the ball? Explain. 


.WƒV=Vi+W,bE V necessarily greater than WỊ and/or W2 ? 


Discuss. 


. TWwo vectors have lenpth Wị = 35km and W; = 4.0km. 


What are the maxinum and minimum magnitudes of their 
vector sum? 


. Can two vectors, of unequal magnitude, add up to g1ve the zero 


vector? Can /ree unequal vectors? Under what conditions? 


. Can the magnitude of a vector ever (z) equal, or (b) be less 


than, one oŸ is componenfts? 


‹ Does the odometer of a car measure a scalar or a vector 


quantity? What about the speedometer? 


„ How could you determine the speed a slingshot imparts to 


a rock, using only a meter stick, a rock, and the slingshot? 


- In archery, should the arrow be aimed directly at the target? 


How should your angle of aim depend on the distance to 
the target? 

]t was reported in World War I that a pilot flying at an alti- 
tude of 2 km caught In his bare hands a bullet fñired at the 
plane! Ủsing the fact that a bullet slows down considerably 
due to aïr resistance, explain how this incident occurred. 


MisConceptual Questions 


14. 


15. 


16. 
17. 


18. 


19. 


20. 


21. 


You are on the street trying to hít a friend in his dorm 
window with a water balloon. He has a similar idea and 1s 
aiming at you with h¡s water balloon. You aim straight at 
each other and throw at the same Instant. Do the water 
balloons hit each other? Explain why or why not. 


A proJectile 1s launched at an upward angle of 30” to the 
horizontal with a speed of 30 m/s. How does the horizon- 
tai component of its velocity 1.0s after launch compare 
with 1s horizonftal component of velocity 2.0 s after launch, 
1enoring air resistance? Explain. 


A projectile has the least speed at what point In Ifs path? 


Two cannonballs, A and B, are fired from the ground with 
1dentical Initial speeds, but with ØA larger than 6p. (z) Which 
cannonball reaches a higher elevation? (b) Which stays 
longer in the air? (c) Which travels farther? Explain. 


A person sitting in an enclosed train car, moving at constant 
velocity, throws a ball straipht up into the air In her reference 
frame. (z) Where does the ball land? What is your answer 
1f the car (b) accelerates, (c) decelerates, (2) rounds a curve, 
(c) moves with constant velocity but is open to the air? 


TỶ you are riding on a train that speeds past another train 
moving In the same direction on an adjacent track, 1t 
appears that the other train is moving backward. Why? 


TwO rowers, who can row at the same speed ïn still water, 
set Off across a river at the same time. One heads straipht 
across and is pulled downstream somewhat by the current. 
The other one heads upstream at an angle so as fO arrIve at 
a point opposite the starting point. Which rower reaches 
the opposite side first? Explain. 


T you stand motIonless under an umbrella in a rainstorm 
where the drops fall vertically, you remain relatively dry. 
However, 1ƒ you start running, the rain begins to hit your 
legs even 1ƒ they remain under the umbrella. Why? 


1. You are adding vectors of length 20 and 40 units. Which of 


the following choIces 1s a possible resultant magnitude? 
(a) 0. 

(b) 18. 

(c) 31. 

(4) 64. 

(e) 100. 


. The magnitude of a component of a vector must be 


(2) less than or equal to the magnitude of the vector. 

(B) equal to the magnitude of the vector. 

(c) greater than or equal to the magnitude of the vector. 

(đ) less than, equal to, or øreater than the magnitude of 
the vector. 


.. You are in the middle of a large field. You walk ím a straight 


line for 100m, then turn left and walk 100m more In a 
straight line before stopping. When you sfop, you are 100 m 
Írom your sfarting point. By how many degress did you turn? 
(z) 90°. 

(5) 120”. 

(c) 30”. 

(4) 180”. 

(e) This is Impossible. You cannot walk 200 m and be only 

100 m away from where you sfarted. 


4. 


A bullet fired from a rifle begins to fall 
(2) as soon as it leaves the barrel. 

(b) after aïr friction reduces 1s speed. 
(c) not at all 1Ÿ air resistance ïs ignored. 


. A baseball player hits a ball that _~® 
soars hiph Into the air. After the “é P 
ball has left the bat, and while It 1s F đã 
traveling upward (at point P ïn ý 
Fig. 3-31), what 1s the direction of 
acceleration? Ignore aïr resistance. 

Z FIGURE 3-31 
(2) "š (0) { () ^ MisConceptual 
⁄ Ouestion 5. 


. One ball is dropped vertically from a window. At the same 


Iinstant, a second ball is thrown horizontally from the same 
window. Which ball has the greater speed at ground level? 
(a) The dropped ball. 

(b) The thrown ball. 

(c) Neither—they both have the same speed on impact. 
(đ) It depends on how hard the ball was thrown. 
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MisConceptual Ouestions 


7. 


LÃ 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


'You are riding ín an enclosed train car moving at 90 km/h. If 
you throw a baseball straight up, where will the baseball land? 
(2) In front of you. 

(b) Behind you. 

(c) In your hand. 

(4) Can't decide from the given Information. 


‹ Which of the three kicks In Eig. 3-32 1s in the aIr for the 


longest time? They all reach the same maximum heipht h. 
Ignore aIr resIstance. 
(2), (b), (c), or (đ) all the same time. 


(2) (b) 
FIGURE 3-32 MisConceptual Question 8. 


(c) 


A baseball is hit high and far. Which of the following state- 
menfs is true? At the hiphest point, 

(a) the magnitude of the acceleration 1s Zero. 

(B) the magnitude of the velocity 1s Zero. 

(c) the magnitude of the velocity is the slowest. 

(đ) more than one of the above is true. 

(e) none of the above are true. 


Problems 


10. 


11. 


A hunter is aiming horizontally at a monkey who 1s sitting 

1n a tree. The monkey 1s so terrified when 1t sees the gun 

that 1t falls off the tree. At that very Instant, the hunter 
pulls the tripgger. What will happen? 

(2) The bullet will miss the monkey because the monkey 
falls down while the bullet speeds straight forward. 

() The bullet wïlII hit the monkey because both the 
monkey and the bullet are falling downward at the 
same rate due fO ðTaVIty. 

(c) The bullet will miss the monkey because although 
both the monkey and the bullet are falling downward 
due to gravity, the monkey 1s falling faster. 

(đ) It depends on how far the hunter is from the monkey. 


'Which statements are zør valid for a proJectile? Take up as 

pOoSItIve. 

(2) The projectile has the same x velocity at any point on 
1s path. 

(b) The acceleration of the projectile is positive and 
decreasing when the proJectile is moving upwards, 
Zzero at the top, and Increasinegly negative as the 
projectile descends. 

(c) The acceleration of the projectile is a constant negative 
value. 

(đ) The y component of the velocity of the projectile 1s 
zero at the highest point of the proJectile's path. 

(c) The velocity at the highest poïnt is Zero. 


A car travels 10 m/s east. Another car travels 10 m/s north. 
The relative speed of the first car with respect to the second 1s 
(2) less than 20 m/s. 

(b) exactly 20 m/s. 

(c) more than 20 m/s. 


3-2 to 3-4 Vector Addition 


1. 


Sa 


c 


(DA car ¡is driven 225 km west and then 98 km southwestf 
(45°). What 1s the displacement of the car from the point 
Of origin (magnitude and direction)? Draw a diagram. 


. ()A delivery truck travels 21 blocks north, 16 blocks east, 


and 26 blocks south. What 1s its final displacement from 
the origin? Assume the blocks are equal length. 

(DIf Vy = 9.80units and Vy = —6.40units, determine 
the magnitude and direction of V. 


. H) Graphically determine the resultant of the following 


three vector displacements: (1) 24m, 36° north of east; 
(2) 18m, 37° east of north; and (3) 26 m, 33° west of south. 


. (T) Ÿ ¡s a vector 24.8 units in magnitude and points at an 


angle of 23.4? above the negative x axis. () Sketch this 
vector. (b) Calculate Vy and Vy. (c) Use Vy and Vy to 
obtain (again) the magnitude and direction of V. [Noie: 
Part (c) is a good way to check If you ve resolved your 
vector correctly.] 

(H) Vector Ÿ¡ is 6.6 units long and points along the nega- 
tive x axis. Vector Ÿ› is 8.5 units long and points at +55° to 
the positive x axis. (z) What are the x and y components of 
each vector? (5) Determine the sum Ý¡ + Ÿ; (magnitude 
and angle). 


7. (II) Eigure 3-33 shows two vectors, Á and B, whose magni- 
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tudes are A = 6.8units and Ö = 5.5units. Determine Ở 
if (a3) C= A+B, (b)C=Ä- B, 
() C=B-—AÄ. Give the 
magnitude and direction 
for each. 


M 


FIGURE 3-33 
Problem 7. 


. (H) An airplane is traveline 835 km/h in a direction 41.5° 


west of north (Fig. 3-34). 


(a) Find the components N 
Of the velocity vector 
n the northerly Ÿ w`Á4I.5° 
and westerly direc- (835 km/h) 
tions. (b) How far 
north and how far W E 
west has the plane 
traveled after 1.75 h? 
FIGURE 3-34 
Problem 8. S 


9, 


10. 


11. 


12. 


13 


14 


1 


16. 


(H) Three vectors are shown in Fig. 3-35. Their magnitudes 
are øIven 1n arbitrary units. Determine the sum of the three 
vectors. Give the resultant in terms of (z) componenfts, 
(b) magnitude and angle with the +x aXIs. 


FIGURE 3-35 

Problems 9, 10, 11, 12, and 13. 
Vector magnitudes are øIven 
1n arbitrary unIts. 


C(C=31.0) 


(H) (a) Given the vectors Á and B shown in Fig. 3-35, 
determine B — Ä. (b) Determine AÁ —- B without using 
your answer ¡n (2). Then compare your results and see 1ƒ 
they are OppOSIte. 

(II) Determine the vector Á — C, given the vectors Á and 
Cin Eig. 3-35. 

(I) For the vectors shown ¡in Fig. 3-35, determine 
(a) B — 3Ä, (b)2Ä - 3B + 2C. 

(I) For the vectors given in Fig. 3-35, determine 
lòA =8 019A4+108—=0 and (0 C=A =8 
(IH) Suppose a vector Ý makes an angle @ with respect to 
the y axis. What could be the x and y components of the 
vector Ý? 

(II) The summit of a mountain, 2450 m above base camp, 
1s measured on a map to be 4580 m horizontally from the 
camp In a direction 38.4” west of north. What are the compo- 
nents of the displacement vector from camp to summit? 
'What 1s is magnitude? Choose the x axIs easf, y axIs north, 
and z aXiIs up. 

(H]I) You are given a vector in the xy plane that has a magni- 
tude of 90.0unis and a y component of —65.0 unIts. 
(a) What are the two possibilities for is x component? 
(b) Assuming the x component ¡1s known to be posifive, 
specIfy the vector which, 1Ÿ you add it to the original one, 
would give a resultant vector that is 80.0units long and 
points entirely in the —x đirection. 


3-5 and 3-6 Projectile Motion (neglect air resistance) 


17. 


18. 


19. 


20 


21. 


(DA tiger leaps horizontally from a 7.5-m-high rock with 
a speed of 3.0 m/s. How far from the base of the rock will 
she land? 

(DA diver running 2.5 m/s dives out horizontally from the 
edge of a vertical clff and 3.0s later reaches the water 
below. How high was the cliff and how far from 1ts base did 
the diver hit the water? 

(ID) Estimate by what factor a person can jump farther on 
the Moon as compared to the Earth If the takeoff speed 
and angle are the same. The acceleration due to øravity on 
the Moon 1s one-sixth what it is on Earth. 

TI) A ball is thrown horizontally from the roof of a build- 
1ng 7.5 m tall and lands 9.5 m from the base. What was the 
ball”s initial speed? 

(HA ball thrown horizontally at 12.2 m/s from the roof of 
a building lands 21.0 m from the base of the building. How 
hiph is the building? 


22. 


23. 


24. 


25. 


26. 


21. 


T) A football is kicked at ground level with a speed of 
18.0 m/s at an angle of 31.0° to the horizontal. How much 
later does It hit the ground? 

(HI) A fire hose held near the ground shoots water at a 
speed of 6.5 m/s. At what angle(s) should the nozzle point 
in order that the water land 2.5m away (Fig. 3-36)? Why 
are there two different angles? 

Sketch the two trajectories. 


` % Zœ 
' — kè -  . 
FIGURE 3-36 “ ¬. 
Problem 23. =———2.5m—— 


(IH) You buy a plastic dart gun, and being a clever physics 
student you decide to do a quick calculation to find 1s 
maximum horizontal range. You shoot the gun straight up, 
and 1t takes 4.0s for the dart to land back at the barrel. 
'What ¡is the maximum hor1zontal range of your gun? 

(T) A grasshopper hops along a level road. On each hop, 
the grasshopper launches 1tself at angle 6o = 45° and 
achieves a range ® = 0.80m. What 1s the average hori- 
zontal speed of the grasshopper as it hops along the 
road? Assume that the time spent on the ground between 
hops Is negpligible. 

(IH) Extreme-sports enthusiasts have been known to jump 
off the top of El Capitan, a sheer granite cHíff of heipht 
910m in Yosemite Natlonal Park. Assume a jumper runs 
horizontally off the top of El Capitan with speed 4.0 m/s 
and enjoys a free fall until she is 150m above the valley 
floor, at which time she opens her parachute (Fig. 3-37). 
(a) How long ¡s the jumper in free fall? Ignore air resis- 
tance. () It ¡is Important to be as far away from the clHIff 
as possible before opening the parachute. How far from 
the clf is this Jumper when she opens her chute? 


4.0 m/s 


FIGURE 3-37 
Problem 26. 


I) A projectile ¡s fired with an initial speed of 36.6 m/s 
at an angle of 42.2” above the horizontal on a long flat 
firing range. Determine (z) the maximum height reached 
by the projectile, (5) the total time ïn the aïr, (c) the total 
horizontal distance covered (that is, the range), and (đ) the 
specd of the proJectile 1.50 s after firing. 
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Problems 


28. (II An athlete performing a long jump leaves the ground 
at a 27.0° angle and lands 7.80 m away. (z) What was the 
takeoff speed? (Đ) If this speed were Increased by just 
5.0%, how much longer would the Jump be? 


29. (II) A shot-putter throws the “shot” (mass = 7.3 kg) with an 
initial speed of 14.4 m/s at a 34.0° angle to the horizontal. 
Calculate the hor1zontal distance traveled by the shot 1ƒ 
1t leaves the athletes hand at a heipht of 2.10m above 
the ground. 


30. (II A baseball is hit with a speed of 27.0 m/s at an angle of 
45.07. It lands on the flat roof ofa 13.0-m-tall nearby build- 
1ng. If the ball was hit when it was 1.0m above the ground, 
what horizontal distance does it travel before 1t lands on 
the building? 

3Í. (II) A rescue plane wants to drop supplies to isolated moun- 
tain climbers on a rocky ridge 235 m below. TỶ the plane 1s 
traveling horizonfally with a speed of 250 km/h (69.4 m/), 
how far in advance of the recipienfs (horizontal distance) 
must the øgoods be dropped (Fig. 3—38)? 


y0 
=——_ 
é th, l=' 
Dropped kS ` 
(Đyọ =0) ` 


~ 


FIGURE 3-38 Problem 31. 


32. (II) Suppose the rescue plane of Problem 31 releases the 
supplies a horizontal distance of 425 m in advance of the 
mountain climbers. What vertical velocity (up or down) 
should the supplies be gIven so that they arrive precIsely at 
the climbers” position (Fig. 3—39)? With what speed do the 
supplies land? 


——— T—~_ Thrown upward? 
TS, (a>0) 
` +0 
` 


Bọ -& \ 
235m Thrown downward? `, h 
(ạ<0) ẰS 
y0 ` 
` 
——————425m 


FIGURE 3-39 Problem 32. 


33. (HI) A diver leaves the end of a 4.0-m-high diving board 
and strikes the water 1.3 s later, 3.0m beyond the end of 
the board. Considering the diver as a particle, determine: 
(a) her initial velocity, Yọ; (b) the maximum heipht reached; 
and (c) the velocity Ÿ¿ with which she enfers the wafter. 


34. (II) Show that the time required for a projectile to reach 
1ts hiphest poïnt 1s equal to the time for 1t to return to Ifs 
original helght 1f air resistance 1s neglible. 


35. (III) Suppose the kick in Example 3—6 is attempted 36.0 m 
Írom the goalposts, whose crossbar 1s 3.05m above the 
ground. TỶ the football is directed perfectly between the 
goalposts, wIll it pass over the bar and be a field goal? 
Show why or why not. If not, from what horizonfal distance 
must this kick be made I If 1s to score? 


36. (HI) Revisit Example 3—7, and assume that the boy with 
the slineshot is befo+ the boy in the tree (Fig. 3-40) and 
So aims #p+0ard, directly at the boy In the tree. Show that 
again the boy In the tree makes the wrong move by letting 
go at the moment the water balloon 1s shot. 


FIGURE 3-40 Problem 36. 


37. (HI) A stunt driver wanfs to make his car Jump over 8 cars 
parked side by side below a horizontal ramp (Fig. 3-41). 
(a) With what minimum speed must he drive off the hori- 
zontal ramp? The vertical height of the ramp 1s 1.5 m above 
the cars and the horizontal distance he must clear 1s 22 m. 
(5) If the ramp is now tilted upward, so that “takeoff angle” 
1S 7.07 above the horizontal, what 1s the new mininmum 
speed? 


Must clear 
this poïnt! 


FIGURE 3-41 Problem 37. 


3-8 Relative Velocity 


38. ( A person going for a morning jog on the deck of a 
cruise ship Is running toward the bow (front) of the ship at 
2.0 m/s while the ship is moving ahead at 8.5 m/s. What is 
the velocity of the Jogger relative to the water? Later, the 
JOpper 1s moving toward the stern (rear) of the ship. What 
1s the Joggers velocity relative to the water now? 


39. (I Huck Finn walks at a speed of 0.70 m/s across his raft 
(that is, he walks perpendicular to the rafts motion relative 
to the shore). The heavy raft is traveling down the MississIppI 
River at a speed of 
1.50 m/srelative to the 
river bank (Fig. 3-42). 
'What is Huck”s velocIty 
(speed and direction) 
relative to the river 
bank? 


: River 
Current 
š 
š 
kŠ 


FIGURE 3-42 
Problem 39. 


40. (II) Determine the speed of the boat with respect to the 
shore in Example 3—10. 
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4I. 


42 


43 


45. 


47. 


(II) Two planes approach each other head-on. Each has a 
speed of 780 km/h, and they spot each other when they are 
1niially 10.0 km apart. How much time do the pilots have 
to take evasIve action? 


(H) A passenger on a boat moving at 1.70 m/s on a still lake 
walks up a flight of stairs at a speed of 0.60 m/s, Eig. 3-43. 
The stairs are angpled at 45° pointing in the direction of 
motion as shown. What is the velocity of the passenger rel- 
afive to the water? 


FIGURE 3-43 Problem 42. 


(I) A person in the passenger basket of a hot-air balloon 
throws a ball horizontally outward from the basket with 
speed 10.0 m/s (Fig. 3-44). What initial velocity (magni- 
tude and direction) does the ball have relative to a person 
standing on the ground (2) if the hot-air balloon ïs rising 
at 3.0 m/s relative to the pround during this throw, (b) If 
the hot-air balloon is descending at 3.0 m/s relative to the 
ground? 


FIGURE 3-44 
Problem 43. 


. (H) An airplane 1s heading due south at a speed of 


688 km/h. If a wind begins blowing from the southwest at 
a speed of 90.0 km/h (average), calculate (z) the velocity 
(magnitude and direction) of the plane, relative to the 
øround, and (0) how far from its intended position it will 
be after 11.0 min I1f the pilot takes no correcfive action. 
[Himr: Eirst draw a diagram.] 


(HT) In what direction should the pilot aim the plane in 
Problem 44 so that it will fly due south? 


(H) A swimmer is capable of swimming 0.60 m/s ¡in still 
water. (2) If she aims her body directly across a 45-m-wide 
river whose current is 0.50 m/s, how far downstream (from 
a point opposite her starting poinf) will she land? (5) How 
long wIll it take her to reach the other side? 

(TH) (z) At what upstream angle must the swimmer In 
Problem 4ó aim, 1f she 1s to arrive at a point directÌy across 
the stream? (5) How long will ít take her? 


48. 


49. 


50 


51. 


(I) A boat, whose speed ¡in still water ¡is 2.50 m/s, must 
cross a 285-m-wide river and arrive at a point 118m 
upstream from where 1t starts (Fig. 3—45). To do so, the 
pilot must head the boat at a 45.0” upstream angle. What 
1s the speed of the 


TiVer”s current? —118 m-—— 


285m 


Ụ 
4S)” /“ 


t2 
FIGURE 3-45 _ | 


Problem 48. Start 


(HI) A chid, who is 45 m from the bank of a river, is being 
carried helplessly downstream by the river”s sWIft current 
of 1.0m/s. As the child passes a lifeguard on the river”s 
bank, the lifeguard starts swimming In a straipht line 
(Fig. 3—46) until she reaches the child at a point downsfream. 
If the lifeguard can swim at a speed of 2.0 m/s relative 
to the water, how long does it take her to reach the child? 
How far downstream does the lifeguard intercept the 
child? 


Í 1.0 m/s 

| 

| | | 

| _ 2.0 mí | | 

, si =- là . 

.~_. ~ 
45m——— „ 


FIGURE 3-46 Problem 49. 


(HD) An airplane, whose air speed ¡s 580 km/h, is supposed 
to fly in a straipht path 38.0° N of E. But a steady 82 km/h 
wind 1s blowing from the north. In what direction should 
the plane head? [Hin: Use the law of sines, Appendix A—7.] 


(HH) Two cars approach a street corner at ripht angles to 
each other (Fig. 3-47). Car 1 travels at a speed relative 
to Earth ?œ¡g = 35km/h, and car 2 at %;g = 55km/h. 
What 1s the relative 
velocIty of car Í as 
seen by car 2? What — 
1s the velocity Of car 2 
relaftive to car 1? 


2 


FIGURE 3-47 
Problem 51. 


ïn 


Problems 


 General Problems 


5. 


3. 


54. 


3. 


56. 


57. 
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Iwo V€CfOTS, Ý and W, add to a resultant Ỷn = Ý + W. 
Describe Vị and W; if (2) Vạ = Wị + ;, (b) V = VỆ + VỶ, 
(C) MỊ + Mạ = MỊ — bạ. 


On mounftainous downhill roads, escape roufes are some- 
times placed to the side of the road for trucks whose brakes 
mipht fail. Assuming a constant upward slope of 26°, calcu- 
late the horizontal and vertical components of the acceleration 
of a truck that slowed from 110 km/ñh to rest in 7.0s. See 
Fig. 3-48. 


Main road 
downhill 


— 
NNN 


FIGURE 3-48 Problem 53. 


A light plane 1s headed due south with a speed relative to 
still air of 185 km/h. After 1.00h, the pilot notices that 
they have covered only 135 km and their direction 1s not 
south but 15.0” east of south. What ¡s the wind velocity? 


An Olympic long Jumper ¡s capable of jumping 8.0m. 
Assuming his horizontal speed is 9.1 m/s as he leaves the 
ground, how long 1s he in the air and how high does he go? 
Assume that he lands standing upright—that 1s, the same 
way he left the ground. 


Romeo 1s throwing pebbles gently up to Juliet's window, 
and he wants the pebbles to hit the window with only a 
horizontal component of velocity. He is standing at the 
edge of a rose garden 8.0m below her window and 8.5m 
from the base of the wall (Fig. 3-49). How fast are the 
pebbles going when they hit her window? 


FIGURE 3-49 


Problem S56. =——8.5m———‡ 


Apollo astronauts took a “nine Iron” to the Moon and hit 
a golf ball about 180m. Assuming that the swing, launch 
angle, and so on, were the same as on Earth where the 
same astronaut could hit it only 32m, estimate the accel- 
eration due to pravity on the surface of the Moon. (We 
neplect air resistance in both cases, but on the Moon there 
1s none.) 


58. (z) A long jumper leaves the ground at 45° above the 


horizontal and lands 8.0m away. What 1s her “takeoff” 
speed œ? (b) Now she ¡is out on a hike and comes to the 
left bank of a river. There is no bridge and the right bank 
1s 10.0m away horizontally and 2.5m vertically below. If 
she long Jjumps from the edge of the left bank at 45” with 
the speed calculated in (z2), how long, or short, of the 
opposite bank will she land (Fig. 3—50)? 


— 


10.0m 


FIGURE 3-50 Problem 58. 


59. A projectile 1s shot from the edge of a clíff 115m above 


ground level with an initial speed of 65.0 m/s at an angle of 
35.0° with the horizontal, as shown In Eig. 3—51. (z) Deter- 
mine the time taken by the projectile to hit point P at 
ground level. (b) Determine the distance X of point P 
from the base of the vertical cliff. At the instant Just before 
the projectile hits point P, find (c) the horizonfal and the 
vertical components of its velocity, (đ) the magnitude of 
the velocity, and (e) the angle made by the velocity vector 
with the horizontal. (ƒ) Eind the maximum height above 
the ch top reached by the proJectile. 


Đạ = 65.0 m/s 


FIGURE 3-51 Problem 59. 


60. William Tell must split the apple on top of his son's head 


from a distance of 27 m. When Wlilliam aims directly at the 
apple, the arrow 1s horizontal. At what angle should he aim 
the arrow fo hit the apple 1ƒ the arrow travels at a speed of 
35 m/s? 


61. 


62 


63. 


64 


65. 


66. 


Raindrops make an angle 0 with the vertical when viewed 
through a moving train window (Eig. 3-52). If the speed 
of the train 1s œr, what 1s the speed of the raindrops In the 
reference Írame of 
the Earth in which 
they are assumed to 
fall vertically? 


FIGURE 3—52 
Problem 61. 


A car moving at 95 km/h passes a 1.00-km-long train trav- 
eling In the same direction on a track that 1s parallel to the 
road. If the speed of the train ¡is 75 km/h, how long does it 
take the car to pass the train, and how far will the car have 
traveled in this time? What are the results 1f the car and 
train are instead traveling in opposite directions? 

A hunter aims directly at a target (on the same level) 
38.0m away. (a) If the arrow leaves the bow at a speed of 
23.1 m/s, by how much will ¡it miss the target? (b) At what 
angle should the bow be aimed so the target wIll be hit? 
The clíf divers of Acapulco push off horizontally from rock 
platforms about 35 m above the water, but they must clear 
rocky oufcrops at water level that extend out into the water 
5.0m from the base of the clff directly under therr launch 
point. See Eig. 3—53. What minimum pushoff speed 1s neces- 
sary to clear the rocks? How long are they In the air? 


FIGURE 3-53 
Problem 64. 


When Babe Ruth hit a homer over the 8.0-m-hipgh ripht- 
lield fence 98m from home plate, roughly what was the 
minimum speed of the ball when 1t left the bat? Assume the 
ball was hit 1.0m above the ground and ifs path initially 
made a 36° angle with the ground. 

At serve, a tennis player aims to hit the ball horizontally. 
What minimum speed ïs required for the ball to clear the 
0.90-m-high net about 15.0m from the server If the ball is 
“launched” from a height of 250m? Where wIll the ball 
land If ¡ít just clears the net (and will it be “good” in the 
sense that it lands within 7.0 m of the net)? How long will 
1t be in the air? See Fig. 3—54. 


« 15.0m 7.0m Si 
FIGURE 3-54 Problem 6ó. 


67. Spymaster Chris, flying a constant 208 km/h horizontally 


1n a low-flying helicopter, wanfs to drop secret documents 
into her contact's open car which ¡s traveling 156 km/h on 
a level highway 78.0 m below. At what angle (with the hori- 
zontal) should the car be In her sights when the packet 1s 
released (Eig. 3—55)? 


FIGURE 3-5B_ Problem 67. 


68. A basketball leaves a player's hands at a height of 2.10m 


above the floor. The basket is 3.05 m above the floor. The 
player likes to shoot the ball at a 38.0” angle. If the shot 1s 
made from a hor1zontal distance of 11.00m and must be 
accurate to +0.22m (horizontally), what ¡is the range of 
Initial speeds allowed to make the basket? 


69. A boat can travel 2.20 m/s ín still water. (ø) If the boat 


points directly across a stream whose current is 1.20 m/, 
what is the velocity (magnitude and direction) of the boat 
relative to the shore? (5) What will be the position of the 
boat, relative to 1s point of origin, after 3.00 s? 


70. A proJectile 1s launched from ground level to the top of a 


cliff which ¡is 195m away and 135m hiph (see Fig. 3—56). 
Tf the projectile lands on top of the cHíff 6.6s after 1 1s 
fired, find the initial velocity of the projectile (magnitude 
and direction). Neglect aIr resistance. 


Landing point 


FIGURE 3-56 = 
Problem 70. —= 


7Í. A basketball is shot from an Initial heipht of 2.40m 


(Fig. 3-57) with an initial speed  = 12m/s directed at 
an anele đọ = 35° above the horizontal. (z) How far from 
the basket was the player If he made a basket? (5) At what 
angle to the horizontal dịd the ball enter the basket? 


FIGURE 3—57 
Problem 71. 


GeneralProblems 73 


72. A rock is kicked horizontally at 15 m/s from a hill with a 73. A batter hits a fly ball which leaves the bat 0.90 m above 
45° slope (Fig. 3—58). How long does ¡it take for the rock to the ground at an angle of 61° with an Iniial speed of 
hit the ground? 28 m/s heading toward centerfield. Ignore air resistance. 
(a) How far from home plate would the ball land If not 
caupht? (b) The ball ¡is caught by the centerfielder who, 
sfarting at a distance of 105 m from home plate just as the ball 
was hit, runs straipht toward home plate at a constant speed 
and makes the catch at ground level. Eind his speed. 

74. A ball is shot from the top of a building with an initial 

velocity of 18 m/s at an angle Ø = 42° above the horizontal. 

(a) What are the horizontal and vertical components of the 

Initial velocity? (b) If a nearby building ¡s the same height 

and 5Š m away, how far below the top of the building will 

the ball strike the nearby building? 

TỶ a baseball pitch leaves the pitcher's hand horizontally at 

a velocity of 150 km/h, by what % will the pull of gravity 

FIGURE 3-58 Problem 72. change the magnitude of the velocity when the ball reaches 

the batter, 18m away? FEor this estimate, Ipnore alr r€SIS- 
tance and spin on the ball. 
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[ Search and Learn 


Í. Here 1s something to try at a sporting event. Show that 2. TWwo balls are thrown 1n the air at different angles, but each 
the maximum height ⁄ attained by an object projected reaches the same height. Which ball remains in the air longer? 
1nto the air, such as a baseball, football, or soccer ball, 1s Explain, using equations. 


approximately given b 
P .= l 3. Show that the speed with which a projectile leaves the 


h x~ 12m, ground is equal to 1s speed Just before 1t strikes the 
ground at the end of its Journey, assuming the firing level 


where í is the total time of flight for the object In sec- : 
equals the landing level. 


onds. Assume that the object returns to the same level 

as that from which it was launched, as in Elig. 3—59. For 4 
example, 1ƒ you count to find that a baseball was in the 

alr for í = 5.0s, the maximum height attained was 

h = 1.2 x (5.0)” = 30m. The fun of this relation is that 

h can be determined without knowledge of the launch 

speed øạọ or launch angle 6g. Why 1s that exactly? See 5. You are driving south on a highway at 12m/s (approxi- 
Section 3-6. mately 25 mi/h) in a snowstorm. When you last stopped, 
you no(iced that the snow was coming down vertically, but 
1{ 1s passing the windows of the moving car at an angle of 
7.0” to the horizontal. Estimate the speed of the vertically 
falling saowflakes relative to the ground. [Hn: Construct 
a relative velocity diapram similar to Eig. 3—29 or 3-30. Be 
careful about which angle is the angle given.] 


. The initial angle of proJectile A 1s 30°, while that of proJec- 
tie B is 60°. Both have the same level horizontal range. 
How do the initial velocities and flight times (elapsed time 
from launch until landing) compare for A and B? 


FIGURE 3-59 Search and Learn 1. 


ANSWERS TO EXERCISES 


A: 3.04⁄2  4.2units. D: () Nowhere; (1) at the highest point; (11) nowhere. 
B: (2). E: (đ). Itprovides the Initial velocity of the box. 
C: They hit at the same time. E: (4) = 0yạ = 16.0 m/s, horizontal; (b) 9.80 m/s” down. 
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DynamIGs: 


Newton“s Laws of Motion 


CHAPTER-OPENING QUESTIONS——Guess now! 


1. A 150-kg football player collides head-on with a 75-kg running back. During 
the collision, the heavier player exerts a force of magnitude #4 on the smaller 
player. If the smaller player exerts a force #gs back on the heavier player, which 
TeSpOnSe 1s most accurate? 

(A) § = FA. 

(b)  < TẠ. 

(C) § > TẠ. 

(đ) 2 = 0. 

(e) We need more Iinformation. 


2. A line by the poetT. S. Eliot (from Murder in the Cathedral) has the women of 
Canterbury say “the earth presses up against our feet.” What force 1s this? 

(a) GTavIty. 

(b) The normal force. 

(c) A friction Íorce. 

(đ) Centrifugal force. 

(e) No force—they are being poetic. 


A space shuttle 

1S Carried out into space by 
powerful rockets. They are 
accelerating, Increasing In 
specd rapidly. To do so, 

a force must be exerted on 
them according to Newton”s 
second law, SE = mã. 
'What exerts this force? The 
rocket engines exert a Íorce 
on the øases they push out 
(expel) from the rear of the 
rockets (Iabeled FoR). 
According to Newton'”s third 
law, these ejected øases 
exerft an equal and opposIte 
force on the rockets In the 
forward direction. It is this 
“reaction” force exerted ø# 
the rockets by the gases, 
labeled Fạo, that 
accelerates the rockets 
forward. 
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e have discussed how motion is described in terms of velocity and 

acceleration. Ñow we deal with the question of 0y objects move as 

they do: What makes an obJect at rest begin to move? What causes 
an obJect to accelerate or decelerate? What is involved when an object moves 
in a curved path? We can answer In each case that a force 1s required. In this 
ChapterÏ, we will investigate the connection between force and motion, which is 
the subject called dynamics. 


4—1 Force 


Intuitively, we experlence Ẩorce as any kind of a push or a pull on an obJect. When 
you push a stalled car or a grocery cart (Eig. 4—1), you are exerting a force on It. 
When a motor lif(s an elevator, or a hammer hits a nail, or the wind blows the 
leaves Of a tree, a force 1s being exerted. We often call these cowacf ƒorces because 
the force 1s exerted when one object comes 1n contact with another obJect. On 
cá Co : the other hand, we say that an object falls because of the force oƒgrauity (which 1s 
“ : not a contact force). 

Tf an object 1s at rest, tO sfart it moving requires force—that 1s, a ÍOrce 1s 
needed to accelerate an object from zero velocity to a nonzero velocity. For an 
obJect already moving, 1f you want to change 1ts velocity——either In direction or In 
magnitude—a force 1s required. In other words, to accelerate an obJect, a force 


S220 1s always required. In Section 4—4 we discuss the precise relation between accel- 
FIGURE 4-1 A force exerted on a eration and net force, which 1s Ñewton”s second law. 
g8rocery cart——in this case exerted by One way to measure the magnitude (or strength) of a force is to use a spring 
a p€rson. scale (Eig. 4-2). Normally, such a spring scale is used to find the weight of an 


obJect; by weight we mean the force of gravity acting on the object (Section 4—6). 
The spring scale, once calibrated, can be used to measure other kinds of forces 
as well, such as the pulling force shown In Fig. 4—2. 

A force exerted in a different direction has a different effect. Force has direc- 
tion as well as magnitude, and 1s indeed a vector that follows the rules of vector 
addition discussed in Chapter 3. We can represent any force on a diasgram by an 
arrow, Just as we did with velocity. The direction of the arrow 1s the direction of the 
push or pull, and 1s length is drawn proportional to the magnitude of the force. 


2) 2 


0123456780910 


FIGURE 4-2 A spring scale 
used to measure a force. 


4-2 Newton“s First Law of Motion 


What 1s the relationship between force and motion? Aristotle (384-322 B.C.) 
believed that a force was required to keep an obJect moving along a hor1zontal 
plane. To Aristotle, the natural state of an object was at rest, and a Íorce was 
believed necessary to keep an object in motion. Furthermore, Aristotle argued, 
the greater the force on the obJect, the greater 1s speed. 

Some 2000 years later, Galileo disagreed: he maintained that 1t 1s just as natural 
for an object to be In motion with a constant velocity as 1f 1s for 1t to be at rest. 


TWe treat everyday objects in motion here. When velocities are extremely high, close to the speed of 
light (3.0 < 10Šm/s), we use the theory of relativity (Chapter 26), and in the submicroscopic world 
of atoms and molecules we use quantum theory (Chapter 27 ƒƒ). 
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To understand Galileo”s idea, consider the following observations involving 
motion along a horizontal plane. To push an object with a rough surface along a 
tabletop at constant speed requires a certain amount of force. To push an equally 
heavy object with a very smooth surface across the table at the same speed will 
requIre less force. Ifa layer of oIl or other Iubricant 1s placed between the surface 
of the obJect and the table, then almost no force 1s required to keep the obJect 
moving. Notice that in each successive step, less force 1s required. As the next 
step, we Imagine there 1s no friction at all, that the obJect does not rub against the 
table—or there 1s a perfect lubricant between the object and the table—and 
theorize that once started, the obJect would move across the table at constant 
speed with zøø force applied. A steel ball bearing rolling on a hard hor1zontal 
surface approaches this situation. So does a puck on an air table, in which a thin 
layer of alr reduces friction almost to Zzero. 

It was Galileo”s øenius to Imagine such an idealized world——n this case, one 
where there 1s no friction——and to see that it could lead to a more accurate and 
richer understanding of the real world. This 1dealization led him to his remark- 
able conclusion that 1ƒ no force 1s applied to a moving obJect, 1t will conftinue to 
move with constant speed 1n a straight line. An obJect slows down only 1 a Íorce 
1S eXer(ed on 1t. Galileo thus Interpreted friction as a force akin to ordinary pushes 
and pulls. 

To push an obJect across a table at constant speed requires a force from your 
hand that can balance the force of friction (Eig. 4-3). When the object moves at 
consfant speed, your pushing force 1s equal in magnifude to the friction force; but 
these two forces are in opposite directions, so the ef force on the object (the vector 
sum of the two forces) 1s zero. This 1s consistent with Galileo's viewpoint, for the 
obJect moves with constant velocity when no 7e force 1s exerted on 1t. 

Upon this foundation laid by Galileo, Isaac Newton (Fig. 4-4) buIilt his great 
theory of motion. Newtons analysis of motion 1s summarized 1n his famous 
“three laws of motion.” In his great work, the Principia (published in 1687), 
Newton readily acknowledged his debt to Galilleo. In fact, Newton*® first law 
of mofion 1s close to Galileo”s conclusions. It states that 


Every object continues in i(s síafe oŸ resí, or of uniform velocity in a straight 
line, as long as no net force acs 0n Ít. 


The tendency of an obJect to maInfain 1fs statfe Of rest or oŸ uniform velociIty in a 
straight line is called inertia. As a result, Newton”s first law 1s often called the 
law of inertia. 


CONCEPTUAL EXAMIPLE 4-1 | Newton first law. A school bus comes 
to a sudden stop, and all of the backpacks on the floor start to slide forward. 
'What force causes them to do that? 


RESPONSE It isn't “force” that does it. By Newton'”s first law, the backpacks 
continue theIr state of mofion, maintaining their velocity. The backpacks slow 
down I a force 1s applied, such as friction with the floor. 


Inertial Reference Frames 


Newton's first law does not hold In every reference frame. For example, 1 your 
reference frame 1s an accelerating car, an object such as a cup resting on the 
dashboard may begin to move toward you (It stayed at rest as long as the car”s 
velocity remained constant). The cup accelerated toward you, but neither you nor 
anything else exerted a force on 1t in that direction. Similarly, in the reference frame 
of the decelerating bus in Example 4—1, there was no force pushing the backpacks 
forward. In accelerating reference frames, Newton's first law does not hold. Physics 
1S ©asler In reference frames 1n which Newton”s first law đoes hold, and they 
are called inertial reference frames (the law of inertia 1s valid in them). For most 
purposes, we usually make the approximation that a reference frame fixed on the 
Earth 1s an inertial frame. This 1s not precisely true, due to the Earth”s rotation, 
but usually 1t 1s close enough. 


GIANCOI 


PHYSICS 


FIGURE 4-3 F represents the force 
applied by the person and Fty 
represents the force of friction. 


NEWTON'S FIRST LAW 
OFMOTION 


FIGURE 4-4 

Isaac Newton (1642—1727). Besides 
developing mechanics, Including his 
three great laws of motion and the law 
of universal pravitation, he also tried 
to understand the nature of lipht. 
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S4Š*€CAUTION 
Distinguish mass from tueight 


FIGURE 4-5 The bobsled 
accelerates because the team exerts 
a force. 


Any reference frame that moves with consfant velocity (say, a car Or an aIr- 
plane) relative to an inertial frame ïs also an Inertial reference frame. Reference 
frames where the law of inertia does z#ø/ hold, such as the accelerating reference 
Írames discussed above, are called noninerfial reference frames. How can we be 
sure a reference frame 1s Inertial or not? By checking to see 1Ÿ ÑNewton”s first law 
holds. Thus Newton* first law serves as the definition of inertial reference frames. 


4-3 Mass 


Newton”s second law, which we come to in the next Section, makes use of the 
concept of mass. Newton used the term 72ss as a synonym for “quantity of matter.” 
This intuitive notlon of the mass of an object 1s not very precise because the 
concept “quantity of matter” Is not very well defined. More precisely, we can say 
that mass 1S a measure öƒ the inerfia oŸ an object. The more mass an obJect has, 
the greater the force needed to g1ve 1t a particular acceleration. If is harder to start 
1t moving from rest, or to stop 1t when 1t 1s moving, or to change 1ts velocity sideways 
out Of a straight-line path. A truck has much more Inertia than a baseball moving 
at the same speed, and a much greater force is needed to change the truck”s 
velocity at the same rate as the ball's. The truck therefore has much more mass. 

To quantify the concept of mass, we must define a standard. In SĨ units, the 
unit of mass 1s the kilogram (kg) as we discussed in Chapter 1, Section 1—5. 

The terms #2ss and +0eighí are often confused with one another, but 1t 1s 
1mportant to distinguish between them. Mass 1s a property of an obJect 1tself 
(a measure of an obJecf's Inertia, or 1s “quantity of matter”). Weight, on the other 
hand, 1s a force, the pull of gravity acting on an object. To see the difference, 
suppose we take an object to the Moon. The object will weigh only about one-sixth 
as much as 1t dịd on Earth, since the force oŸ gravity 1s weaker. But is mass will 
be the same. It will have the same amount of matter as on Earth, and will have 
just as much Inertia—in the absence of friction, 1t wIll be just as hard to start 1f 
moving on the Moon as on Earth, or to stop 1t once 1t 1s moving. (More on weighft 
in Section 4~6.) 


4-4 Newtons Second Law of Motion 


Newton's first law states that 1Ý no net force 1s acting on an object at rest, the 
obJect remains at rest; or 1Ÿ the object is moving, 1t continues moving with constant 
speed 1n a straight line. But what happens If a net force ¡s exerted on an obJect? 
Newton perceived that the object's velocity will change (Fig. 4-5). A net force 
exerted on an object may make 1ts velocity increase. Or, 1f the net force 1s In a 
direction opposife to the motion, that force will reduce the obJecfs velocity. If the 
net force acts sideways on a moving obJect, the đirecfion oŸ the obJect's velocIty 
changes. That change In the đirecfion oŸ the velocity 1s also an acceleration. So a 
sideways net force on an object also causes acceleration. In general, we can say 
that a net ƒorce causes acceleration. 

'What precisely 1s the relationship between acceleration and force? Everyday 
eXperience can suggest an answer. Consider the force required to push a cart 
when friction 1s small enough to ignore. (If there 1s friction, consider the ø/ 
force, which is the force you exert minus the force of friction.) If you push the 
cart horizontally with a gentle but constant force for a certain period of time, 
you will make the cart accelerate from rest up to some speed, say 3 km/h. If you 
push with twice the force, the cart will reach 3 km/h in half the time. The accel- 
eratlon wIll be twice as great. IÝ you triple the force, the acceleration 1s tripled, 
and so on. Thus, the acceleration of an object is directly proportionalÏ to the net 
applied force. But the acceleration depends on the mass of the obJect as well. 
lf you push an empty grocery cart with the same force as you push one that 
1s filled with grocerles, you will find that the full cart accelerates more slowlÌy. 


TA review of proportionality is given in Appendix A. 
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The greater the mass, the less the acceleration for the same net force. The mathe- 
matical relation, as Newton argued, 1s that the acceleration of an obJect 1s Inversely 
proportional to 1ts mass. These relationships are found to hold in general and can 
be summarized as follows: 


The accelerafion of an objectf is directly proportional to the net force acting 
on ïí, and is inversely proporfional to the objecf?s mass. The direcfion of the 
accelerafion ïs in the direcfion of the net force acfing on the object. 


Thịs 1s Newfon”s second law of mofion. 
Newton”s second law can be written as an equatIon: 
>F 


ä = “› 
m 


where ä stands for acceleration, zw for the mass, and SE for the neí force on the 
object. The symbol Š (Greek “sigma”) stands for “sum of”; Ê stands for force, 
so >E means the 0ecfor sưưn öƒ all forces acting on the object, which we define as 
the net force. 

W© rearrange this equation to obtain the familiar statement of Newton”s 
second law: 


SE = mã. (4-1) 


Newton”s second law relates the description of mofion to the cause of motion, 
force. Ït 1s one of the most fundamental relationships 1n physics. From Newton”s 
second law we can make a more precise definition of foree as an acfion capable 
Oƒ accelerating an obJect. 

Every force E is a vector, with magnitude and direction. Equation 4-1 is 
a vector equatlon valid In any inertial reference frame. It can be written in 
component form In rectangular coordinates as 

>Fy = may, >F) = may, >E; = ma;. 
TỶ the motion ¡s all along a line (one-dimensional), we can leave out the sub- 
scripfs and sinply write ># = ma. Agam, ø 1s the acceleration of an oblJect of 
mass 7, and ># includes all the forces acting on that object, and only forces 
acting on that objJect. (Sometimes the net force > # 1s written as ni, SO Fnei = 714.) 

In SIunits, with the mass In kilograms, the unit of force ¡s called the newton (N). 
One newton is the force required to impart an acceleration of 1m/s” to a 
mass of 1 kg. Thus 1N = 1 kg-m/5%`. 

In cøs units, the unit of mass is the gramỶ (g). The unit of force 1s the dyze, which 
1s defined as the net force needed to impart an acceleration of 1 em/s” to a mass 
of 1 g. Thus 1 dyne = 1g-cm/s”. Because 1g = 103kg and 1cm = 10 m, then 
1 dyne = 10ỶN. 

In the British system, which we rarely use, the unit of force 1s the pound 
(abbreviated Ib), where 1Ib = 4.44822N + 4.45N. The unit of mass is the s/ug, 
which is deñned as that mass which will undergo an acceleration of 1 ft/s” when 
a force of 1 Ib is applied to it. Thus 1 lb = 1 slug-ft/s”. Table 4—~1 summarizes the 
unmfs in the different systems. 

lt 1s very Iimportant that only one set of units be used In a given calculation 
or Problem, with the SI being what we almost always use. IÝ the force 1s ø1ven In, 
say, newtons, and the mass In grams, then before attempting to solve for the 
acceleration In SĨ unifs, we must change the mass to kilograms. For example, 1Ÿ the 
force 1s ø1ven as 2.0N along the x axis and the mass 1s 500 g, we change the latter 
to 0.50 kg, and the acceleration will then automatically come out in m/s” when 


Newton”s second law 1s used: 
Xứ. 2.0N 2.0kg-m/sF 
= — = = = 4.0 ? 
f%” cm — 050kg 0.50 kg Biên 


where we set 1N = 1kg-m/5Ẻ. 


TBe careful not to confuse g for gram with g for the acceleration due to gravity. The latter is always 
italicized (or boldface when shown as a vector). 


NEWTONS SECOND LAW 
OFMOTION 


NEWTON”S SECOND LAW 
OFMOTION 


TABLE 4—1 
Units for Mass and Force 


System MMass Force 


Mi kilogram newton (N) 


(kg) (= kg-m/s”) 


CØS gram(gø) dyne 


(= ø:cm/s°) 


British slug pound (Ib) 


Conversion factors: 1 dyne = 10`N; 
11b ~ 4.45N; 
1slug + 14.6 kg. 


£ PROBLEM SOLVING 
se a consistent set 0ƒ unifs 
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L) 


EXAMPLE 4-2 ESTIMATE | Force to accelerate a fast car. Estimate the 
net force needed to accelerate (2) a 1000-kg car at 2ø; (b) a 200-gram apple at 
the same rate. 


APPROACH We use Newton's second law to find the net force needed for each 
object; we are given the mass and the acceleration. This is an estimate (the ÿ is 
not said to be precise) so we round ofŸ to one sipnificant fipure. 

SOLUTION (2) The cars acceleration is z = ÿg = ¿(9.8m/s?) ~ 5m/s?. We 
use Newton”s second law to get the net force needed to achieve this accelerafion: 


XF = ma x (1000kg)(5m/s?) = 5000N. 


(If you are used to British units, to get an idea of what a 5000-N force 1s, you can 
divide by 4.45 N/1b and get a force of about 1000 Ib.) 


(b) For the apple, z = 200g = 0.2 kg, so 
5F = ma x (02kg)(5m/5?) = 1N. 


EXAMPLE 4-3 | Force to stop a car. What average net force 1s required to 
bring a 1500-kg car to rest from a speed of 100 km/h within a distance of 55 m? 
APPROACH We use Newton”s second law, >»# = 7z, to determine the force, 
but first we need to calculate the acceleration z. We assume the acceleration 1s 
constant so that we can use the kinematic equations, Eqs. 2—11, to calculate 1t. 


0ạ = 100 km/h „=0 
=_ —- FIGURE 4-6 
——=.—=....... * (m) Example 4-3. 
x=0 x=55m 


SOLUTION We assume the motion is along the +x axis (Fig. 4-6). We are 
given the initial velocity øạ = 100 km/h = 27.8m/s (Section 1-6), the final 
velocity ø = 0, and the distance traveled x — xạ = 55m. From Edq.2-11c, we 
have 


? = tả + 2a(x — x), 
SO : 
ˆ — 0 - (27.8m/s 
#=. — = ( GANG 7.0 m/s`. 
2(x — #) 2(55m) 


The net force required 1s then 
>F = ma = (1500kg)(—7.0m/s?) = —1.1 x 10N, 


or 11,000N. The force must be exerted im the direction øpposie to the Initial 
velocity, which 1s what the negative siøn means. 


NOTE Tí the acceleration is not precisely constant, then we are determining an 
“average” acceleration and we obftain an “average” net force. 


Newton”s second law, like the first law, 1s valid only in Inertial reference frames 
(Secton 4-2). In the noninertial reference frame of a car that begins accelerating, 
a cup on the dashboard starts sliding——1t accelerates——even thoupgh the net force on 
itis zero. Thus XE = mã does not work in such an accelerating reference frame 
(XE = 0, but ä # 0 in this noninertial frame). 


EXERCISE A Suppose you watch a cup slide on the (smooth) dashboard of an acceler- 
ating car as we Just discussed, but this time from an Inertial reference frame outside the 
car, on the street. From your Inertial frame, NÑewton”s laws are valid. What force pushes 
the cup off the dashboard? 
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4-5 Newton“s Third Law of Motion 


Newton”s second law of motion describes quanfitatively how forces affect motion. 
But where, we may ask, do forces come from? Observations suggest that a force 
exerted on any obJect 1s always exerted by another objecf. A horse pulls a wagon, 
a person pushes a grocery cart, a hammer pushes on a nail, a magnet attracts a 
paper clip. In each of these examples, a force 1s exerted øz one obJect, and that 
force 1s exerted by another obJect. For example, the force exerted øz the naIÏ 1s 
exerted by the hammer. 

But Newton realized that things are not so one-sided. True, the hammer exerts 
a force on the nail (Fig. 4-7). But the nail evidently exerts a force back on the 
hammer as well, for the hammer”s speed 1s rapidly reduced to zero upon confact. 
Only a strong force could cause such a rapid deceleration of the hammer. Thus, 
said Newton, the two objects must be treated on an equal basis. The hammer 
exerts a force on the naIl, and the naIl exerts a force back on the hammer. This 
1s the essence of NÑewton?s third law of mofion: 


Whenever one object exerfs a force on a second object, the second object 
exerfs an equal force in the opposife direcfion on the first. 


Thĩs law 1s sometimes paraphrased as “to every action there 1s an equal and oppo- 
site reaction.” This 1s perfectly valid. But to avoid confusion, 1t 1s very Important 
to remember that the “action” force and the “reaction” force are acting on d/ƒferent 
obJectfs. 

As evidence for the validity of Newton”s thirrd law, look at your hand when 
you push agaInst the edge of a desk, Hg.4—8. Your hand”s shape 1s distorted, clear 
evidence that a force 1s beIng exerted on 1t. You can see the edge of the desk press- 
Iing Into your hand. You can even ƒeel the desk exerting a force on your hand; 
1t hurts! 'The harder you push against the desk, the harder the desk pushes back 
on your hand. (You only feel forces exerted øz you; when you exert a Íorce on 
another object, what you feel is that object pushing back on you.) 


Force exerted ‹ 
on hand + 


by desk FIGURE 4-8 If your hand pushes 


against the edge of a desk (the force 
vector is shown ïn red), the desk 
pushes back against your hand (this 
force vector 1s shown ïn a different 
color, violet, to remind us that this 
force acts on a different object). 


Force exerted 
on desk by hand 


The force the desk exerfs on your hand has the same magnitude as the force 
your hand exerts on the desk. This 1s true not only 1ƒ the desk 1s at rest but 1s true 
even 1ƒ the desk 1s accelerating due to the force your hand exerts. 

As another demonstration of Ñewton?s third law, consider the Ice skater In 
Fig. 4-9. There 1s very little friction between her skates and the Ice, so she will 
move freely 1ƒ a force 1s exerted on her. She pushes against the wall; and then she 
starfs moving backward. The force she exerts on the wall cannot make her start 
moving, because that force acts on the wall. Something had to exert a force on her 
to start her moving, and that force could only have been exerted by the wall. 
The force with which the wall pushes on her 1s, by Newton”s third law, equal and 
Opposife to the force she exerts on the wall. 

When a person throws a package out of a small boat (imnitially at rest), the 
boat starfs moving In the opposite direction. The person exerts a force on the 
package. The package exerts an equal and opposite force back on the person, 
and this force propels the person (and the boat) backward sliphtly. 


FIGURE 4-7 A hammer striking a 
nail. The hammer exerts a force on the 
nail and the nail exerts a force back on 
the hammer. The latter force decelerates 
the hammer and brinøs 1t to rest. 


NEWTON”S THIRD LAW 
OFMOTION 


@©cAuriioNnN 
Action and reaction ƒorces act 
on diƒƒerent objecfs 


FIGURE 4-9 An cxample of 
Newton* third law: when an Ice 
skater pushes against the wall, the 
wall pushes back and this force 
causes her to accelerate away. 


Force 
on 


on 
skater Wal 


Force 
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FIGURE 4-10 Another example of 
Newton's third law: the launch of a 
rocket. The rocket engine pushes the 
gases downward, and the øases exert 
an equal and opposite force upward 
on the rocket, accelerating 1t upward. 
(A rocket does zø accelerate as a 
result of its expelled øases pushing 
against the eround.) 


FIGURE 4-11 We can walk forward 
because, when one foot pushes 
backward against the ground, the 
øround pushes forward on that foot 
(NÑewton”s third law). The two forces 
shown act on diƒfferent objecfs. 


Horizontal 
force exerted 
on the 


Horizontal 
force exerted 
on the øround 


by person”s person”s foot 
foot by the ground 
—¬—_—— = 
FQp EpG 
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Rocket propulsion also is explained using Newton”s third law (Fig. 4-10). 
A common misconception 1s that rockets accelerate because the gases rushing 
out the back of the engine push against the ground or the atmosphere. Not true. 
What happens, Instead, 1s that a rocket exerts a strong force on the gases, expel- 
ling them; and the øases exert an equal and opposite force on fhe rocket. Ít 1s this 
latter force that propels the rocket forward——the force exerted øø the rocket by the 
gases (see Chapter-Opening Photo, page 75). Thus, a space vehicle is maneuvered 
in empty space by firing 1ts rockets in the direction opposite to that in which 1t 
needs to accelerate. When the rocket pushes on the gases in one direction, the 
gases push back on the rocket in the opposite direction. Jet aireraft too accelerafe 
because the gases they thrust out backwards exert a forward force on the engines 
(Newton”s third law). 

Consider how we walk. A person begins walking by pushing with the foot 
backward against the ground. The ground then exerts an equal and opposife 
force forward on the person (Eig. 4-11), and 1t is this force, on the person, that 
moves the person forward. (If you doubt this, try walking normally where there 
1S no Íriction, such as on very smooth slippery Ice.) In a similar way, a bird flies 
forward by exerting a backward force on the air, but 1t is the air pushing 
forward (Newton”s third law) on the bird”s wings that propels the bird forward. 


CONCEPTUAL EXAMPLE 4-4 ' What exerts the force to move a car? 


'What makes a car go forward? 


RESPONSE A common answer 1s that the engine makes the car move for- 
ward. But 1t is not so simple. The engine makes the wheels go around. But 1f the 
tires are on slick Ice or wet mud, they Just spin. Friction 1s needed. Ôn firm 
ground, the tires push backward against the ground because of friction. By 
Newton”s third law, the ground pushes on the tires In the opposite direction, 
accelerating the car forward. 


We tend to assoclate forces with active objects such as humans, animals, 
engines, or a moving obJect like a hammer. lf is often difficult to see how an 
inanmate object at rest, such as a wall or a desk, or the wall of an Ice rink 
(Eig. 4-9), can exert a force. The explanation 1s that every material, no matter 
how hard, is elastic (springy) at least to some degree. A stretched rubber band 
can exert a force on a wad of paper and accelerate 1t to fly across the room. 
Other materials may not stretch as readily as rubber, but they do stretch or 
compress when a force 1s applied to them. And Jjust as a stretched rubber band 
exerts a force, so does a stretched (or compressed) wall, desk, or car fender. 

From the examples discussed above, we can see how Iimportant 1t 1s fO 
remember øw what obJect a gIven force 1s exerted and by what obJect that force 
1s exerted. A force influences the motion of an object only when 1t 1s applied on 
that obJect. A force exerted by an object does not influence that same object; 1 
only influences the other obJect on which 1t 1s exerted. Thus, to avoid confusion, 
the two prepositions ø and by must always be used——and used with care. 

One way to keep clear which force acfs on which obJect 1s to use double sub- 
scripts. For example, the force exerted øø the Person by the Ground as the person 
walks in Fig. 4-11 can be labeled F;¿. And the force exerted on the ground by 
the person is sp. By Newton's third law 


Hộp = cha, (4-2) 


Fop and E;c have the same magnitude (Newton”s third law), and the minus sign 
reminds us that these two forces are 1n opposite directions. 

Note carefully that the two forces shown 1n Eig. 4-11 act on different 
obJects——to emphasize this we used slightly different colors for the vectOT arrOWS 
representing these forces. These two forces would never appear together In a 
sum of forces in Newton”s second law, SE = z4. Why not? Because they act on 
different objects: ä is the acceleration of one particular object, and SE must 
include øzy the forces on that one obJect. 
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Force on 
assIstant 
exerted 
by sled 


Force on sled 
exerted by 
assSIstant 


Friction 


Force on Force on Force on 
force on øround øround assIstant 
sled exerted exerted exerted exerted 
by ground by sled by assistant by ground 

= Bo) 


CONCEPTUAL EXAMPLE 4-5 


Third law clarification. Michelangelo's 
assistant has been assigned the task of moving a block of marble using a sled 
(Eig. 4-12). He says to his boss, “When I exert a forward force on the sled, the 
sled exerts an equal and opposite force backward. So how can Ì ever start 1t 
moving? Ño matter how hard I pull, the backward reaction force always equals 
my forward force, so the net force must be zero. [II never be able to move this 
load.” Is he correct? 


RESPONSE No. Althouph it ïs true that the action and reaction forces are equal 
in magnitude, the assistant has forgotten that they are exerted on different 
obJects. The forward (“action”) force is exerted by the assistant on the sled 
(Fig. 4-12), whereas the backward “reaction” force is exerted by the sled on the 
assistant. To determine If the assisfanf moves or not, we must consider only 
the forces øn /he assistan and then apply SE = zä, where XE is the net force 
on the assistanf, ä 1s the acceleration of the assistant, and ø is the assistanf's mass. 
There are two forces on the assistant that affect his forward motion; they are 
shown as bright red (magenta) arrows in Figs. 4-12 and 4—13: they are (1) the hori- 
zontal force Êa¿ exerted on the assistant by the ground (the harder he pushes 
backward against the ground, the harder the ground pushes forward on him—— 
Newton”s third law), and (2) the force Ểas exerted on the assistant by the sled, 
pulling backward on him; see Eig.4—13. If he pushes hard enoupgh on the ground, 
the force on him exerted by the ground, Ể„¿, will be larger than the sled pulling 
back, Ể.s, and the assistant accelerates forward (Newton'”s second law). The sled, 
on the other hand, accelerates forward when the force on ïf exerted by the asSIs- 
tant is preater than the frictional force exerted backward on It by the pround (that 
is, when Ểsa has øreafter magnitude than Fscin Fig. 4-12). 


Using double subscripts to clarify Newton* third law can become cumbersome, 
and we wonÏt usually use them ¡n this way. We will usually use a single subscript 
referring to what exerts the force on the object being discussed. Nevertheless, 
1ƒ there 1s any confusion In your mind about a given force, go ahead and use two 
subscripts to identify on what object and by what obJect the force 1s exerted. 


EXERCISE B Return to the first Chapter-Openineg Question, page 75, and answer It 
again now. Try to explain why you may have answered differently the first time. 


EXERCISE CA tennis ball collides head-on with a more massive baseball. (1) Which ball 
experlences the greater force of impact? (ii) Which experiences the greater acceleration 
during the Impact? (11) Which of Newton”s laws are useful to obtain the correct answers? 


EXERCISE D Tí you push on a heavy desk, does it always push back on you? (a) No. 
(b) Yes. (c) Not unless someone else also pushes on it. (đ) Yes, 1ƒ it is out In space. 
(c) A desk never pushes to start with. 
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FIGURE 4-12 Example 4-5, 
showing only hor1zontal forces. 
Michelangelo has selected a fine 
block of marble for his next 
sculpture. Shown here 1s his assistant 
pulling it on a sled away from the 
quarry. Forces on the assistanf are 
shown as red (magenta) arrows. 
Forces on the sled are purple arrows. 
Forces acting on the øground are 
Orange arrows. Action-reaction 
forces that are equal and opposife 
are labeled by the same subscrIpts 
but reversed (such as FQ A and Fao) 
and are of different colors because 
they act on different objects. 


jỂ nnosLrM SOLVING 


A study oƒ Netton% second and 
third latus 


Force on 
assIsftant 
exerted 

by sled 


Force on 
aSSIstant 
exerted 
by ground 


FIGURE 4-13 Example 4—5. The 
hor1zontal forces on the assistant. 
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(b) 


FIGURE 4-14 (a) The net force on 
an obJect at resf 1s zero according to 
Newtons second law. Therefore the 
downward force of øravity (Fc) on 
an obJect at rest must be balanced 
by an upward force (the normal 
force E) exerted by the table in this 
case. (b) ỂN is the force exerted on 
the table by the statue and 1s the 
reaction force to ÊE by Newtonˆs 
third law. (EÑ is shown in a different 
color to remind us it acfs on a 
different object.) The reaction force 
tO FS 1s not shown. 


S9Š*CAUTION 
Weight and normal ƒorce are not 
qCfiOn—reacHoHn pairs 


4-6 Weight—the Force of Gravity; 
and the Normal Force 


As we saw in Chapter 2, Galileo claimed that all obJects dropped near the surface 
of the Earth would fall with the same acceleration, 8, !f air resistance was negligIble. 
The force that causes this acceleration 1s called the ƒorce oŸgrauiy OT grauitational 
ƒorce. What exerts the gravitational force on an obJect? It is the Earth, as we will 
discuss in Chapter 5, and the force acts vertically downward, toward the center of 
the Earth. Let us apply Newton”s second law to an obJect of mass 7 falling freely 
due to gravity. For the acceleration, ä, we use the downward acceleration due to 
gravity, ø. Thus, the gravifational foree on an object, Êo¿, can be written as 


(4-3) 


The direction of this force 1s down toward the center of the Earth. The magnitude 
Of the force of gravity on an obJect, g, 1s commonly called the objJects weight. 

In SI units, g = 9.80 m/s” = 9.80N/kg,Ì so the weight of a 1.00-kg mass on 
Earth is 1.00kg x 9.80m/s“ = 9.80N. We will mainly be concerned with the 
weipht of obJects on Earth, but we note that on the Moon, on other planets, or in 
space, the weight of a gIven mass will be different than 1t is on Earth. For exam- 
ple, on the Moon the acceleration due to gravity 1s about one-sixth what 1t 1s on 
Earth, and a 1.0-kg mass weighs only 1.6N. Although we will not use British 
units, we note that for practical purposes on the Earth, a mass of 1.0 kg weighs 
about 2.2 Ib. (On the Moon, 1 kg weighs only about 0.4Ib.) 

The force of gravity acts on an obJect when 1t 1s falling. When an obJect 1s at 
rest on the Earth, the pravitational force on 1t does not disappear, as we know 1Ï 
we weiph 1t on a spring scale. The same force, øgiven by Eq. 4—3, conftinues fO act. 
Why, then, doesn't the obJect move? From Newton”s second law, the net Íorce 
on an oblect that remaIns at rest 1s zero. There must be another force on the 
object to balance the gravitational force. For an oblJect resting on a table, the table 
exerts this upward force; see Flg. 4—14a. The table 1s compressed slightly beneath 
the object, and due to 1fs elasticity, 1t pushes up on the object as shown. The force 
exerted by the table 1s often called a contactf force, since 1t occurs when two obJectfs 
are in contact. (The force of your hand pushing on a cart 1s also a contact force.) 
When a contact force acfs perpendicular to the common surface of confact, 1t 
1s referred to as the normal foree (“normal” means perpendicular); hence ït 1s 
labeled Fx in Fig. 4—14a. 

The two forces shown 1n Fig. 4-14a are both acting on the statue, which 
remains at resf, so the vector sum of these two forces must be zero (Newton”s second 
law). Hence F¿ and Ê¿ must be of equal magnitude and in opposite directions. 
But they are zø/ the equal and opposite forces spoken of1n Newton's third law. The 
action and reaction forces of Newton”s third law act on d7/ferenf objecfs, whereas the 
two forces shown 1n Fg. 4—14a act on the sa obJect. For each of the forces shown 
in Fig. 4-14a, we can ask, “What is the reaction force?” The upward force Ê\ 
on the statue 1s exerted by the table. The reaction to this force 1s a force exerted by 
the statue downward on the table. It is shown in Fig. 4—14b, where it is labeled Eặ. 
Thiĩs force, FẠ, exerted on the table by the statue, 1s the reaction force to Fy in 
accord with Newton”s th1rd law. What about the other force on the statue, the force 
of gravity E¿ exerted by the Earth? Can you guess what the reaction is to this 
force? We will see in Chapter 5 that the reaction force 1s also a øravitational force, 
exerted on the Earth by the staftue. 


FG —= mỹ. 


EXERCISE E Return to the second Chapter-Opening Question, page 75, and answer It 
agaIn now. Try to explain why you may have answered differently the first time. 


“The concept of *vertical” is tied to gravity. The best definition of øerfical is that ït is the đirection in 
which objects fall. A surface that 1s “hor1zontal,” on the other hand, 1s a surface on which a round 
object won't start rolling: øravity has no effect. Hor1zontal is perpendicular to vertical. 


ŸSince 1N = 1kg-m/s” (Section 4-4), then 1m/s” = 1N/kg. 
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Weight, normai force, and a box. A friend has given you 
a special gift, a box of mass 10.0 kg with a mystery surprise Inside. The box 1s 
resting on the smooth (frictionless) horizontal surface of a table (Eig. 4—15a). 
(a) Determine the weight of the box and the normal force exerted on it by 
the table. (5) Now your friend pushes down on the box with a force of 40.0N, 
as in FEig. 4—-15b. Again determine the normal force exerted on the box by 
the table. (c) If your friend pulls upward on the box with a force of 40.0N 
(Eig. 4—15c), what now 1s the normal force exerted on the box by the table? 


APPROACH The box is at rest on the table, so the net force on the box in each 
case is zero (Newton”s first or second law). The weight of the box has magnI- 
tude 7g In all three cases. 


SOLUTION (4) The weight of the box is z = (10.0 kg)(9.80 m/s?) = 98.0N, 
and this force acts downward. The only other force on the box is the normal 
force exerted upward on 1t by the table, as shown in Hg. 4—-15a. We chose the 
upward direction as the positive y direction; then the net force >#, on the box 
IS SFyý = PA — mg; the minus sign means zng acts In the negative y directlon 
(m and g are magnitudes). The box is at rest, so the net force on It must be 
zero (Newtons second law, 3#, = may, and ay = 0). Thus 


? 
XE = may 


so we have 

Fq\ = mg. 
The normal force on the box, exerted by the table, 1s 98.0 upward, and has 
magnitude equal to the box's weight. 
(b) Your friend is pushing down on the box with a force of 40.0N. So instead 
Of only two forces acting on the box, now there are three forces acting on the 
box, as shown In Eig. 4—15b. The weight of the box 1s still zzz = 98.0N. The net 
forcels XƑy = ƑN — mg — 40.0N, and is equal to zero because the box remains 
atrest (ø = 0). Newton”s second law ø1ves 


iu = Hy —= mẹ = 400N = 0. 
We solve this equation for the normal force: 
Fq = mg + 400N = 980N + 400N = 138.0N, 


which 1s greater than in (2). The table pushes back with more force when a person 
pushes down on the box. The normal force 1s not always equal to the weight! 
(c) The box's weight ¡is still 98.0N and acts downward. The force exerted by 
your friend and the normal force both act upward (posifive direction), as shown 
in Eig. 4-lSc. The box doesn”t move since your friend's upward force 1s less 
than the weipht. The net force, again set to zero in Newton”s second law because 
a=0, 1s 

SE y = ỨN — mg + 400N = 0, 
SO 

Fq = mg — 400N = 980N — 400N = 58.0N. 


The table does not push against the full weight of the box because of the upward 
force exerted by your friend. 


NOTE The weight of the box (= g) does not change as a result of your friend”s 
push or pull. Only the normal force 1s affected. 


Recall that the normal force is elastic In origin (the table in Fig. 4-15 sags 
sliphtly under the weight of the box). The normal force in Example 4—6 1s verti- 
cal, perpendicular to the hor1zontal table. The normal force 1s not always vertical, 
however. When you push against a wall, for example, the normal force with 
which the wall pushes back on you is hor1zontal (Eig. 4-9). For an object on a 
plane Inclined at an angle to the horizontal, such as a skler or car on a hill, the 
normal force acts perpendicular to the plane and so 1s not vertical. 


(b) SE, = FN — mg — 40.0N = 


(©) XFy = FN — mẹ + 40.0N = 


FIGURE 4-15 Example 4-6. 
(a) A 10-kg gift box ïs at rest on a 


0 


0 


table. (b) A person pushes down on 


the box with a force of 40.0 N. 
(c) A person pulls upward on the 


box with a force of 40.0 N. The forces 


are all assumed to act along a line; 


they are shown slightly displaced in 


order to be distinguishable. Only 


forces acting on the box are shown. 


$*CAUTION 


The normal ƒorce is not 
ahuays equal to the tueight 


@©cAuTioN —_ 
The normal force, EN, ¡s 
not necessarily 0ertical 
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FIGURE 4-16 Example 4-7. The 
box accelerates upward because 
Tp ĐÓ 1. 


FIGURE 4-17 Example 4-8. The 
acceleration vector 1s shown In gold 
to distinguish 1t from the red force 
V€CfOTS. 


EXAMPLE 4-7 | Accelerating the box. What happens when a person pulls 
upward on the box in Example 4—-6c with a force equal to, or greater than, 
the box”s weight? For example, let Ƒp = 100.0N (Eig. 4-16) rather than the 
40.0N shown In Elg. 4—15c. 

APPROACH We can start just as in Example 4—6, but be ready for a SuTpTIse. 


SOLUTION The net force on the box 1s 


>X = FN — mg + Fp 
= Hy — 9S.0N + 1000N, 


and I1 we set this equal to zero (thinking the acceleration might be zero), we 
would get q = —2.0N. Thịs is nonsense, since the negafive siegn implles 
points downward, and the table surely cannot pu”! down on the box (unless 
there”s glue on the table). The least #q can be is zero, which it will be In this case. 
What really happens here 1s that the box accelerates upward (ø # 0) because 
the net force 1s not zero. The net force (setting the normal force q4 = 0) 1s 


100.0N — 98.0N 
= 2.00N 


Si = Fb — ƒMg 


upward. See Fig. 4-16. We apply Newton”s second law and see that the box 
moves upward with an acceleration 


XFÿy 20N 
"= — 
y m 10.0 kg 
= 0.20m/5%. 


Apparent weight loss. A 65-kg woman descends in an 
elevator that briefly accelerates at 0.20g downward. She stands on a scale that 
reads in kg. (2z) During this acceleration, what is her weight and what does 
the scale read? (b) What does the scale read when the elevator descends at a 
constant speed of 2.0 m/s? 


APPROACH Higure 4—17 shows all the forces that act on the woman (and ønly 
those that act on her). The direction of the acceleration is downward, so 
we choose the positive direction as down (this 1s the opposite choice from 
Examples 4—6 and 4-7). 


SOLUTION (z2) EFrom Newton”s second law, 


mg — Fy = m(0.20g). 
We solve for FN: 


Fq = mg — 0.20mg 
=_ 0.58Umg, 


and it acts upward. The normal force Ê\ is the force the scale exerts on the 
person, and 1s equal and opposite to the force she exerts on the scale: 
FPq= 080mg downward. Her weiph(t (force of gravity on her) is still 
mg = (65 kg)(9.8m/s”) = 640N. But the scale, needing to exert a force of 
only 0.807:g, will give a reading of 0.80 = 52kg. 

(b) Now there 1s no acceleration, ø=0, so by Newton® second law, 
mg — F\ = Ú and Ïq = mg. The scale reads her true mass of 65 kg. 


NOTE The scale in (2) gives a reading of 52 kg (as an “apparent mass”), but 
her mass doesnt change as a result of the acceleration: 1t stays at 65 kg. 
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4~7Z7 Solving Problems with Newton's Laws: 
Free-Body Diagrams 


Newton”s second law tells us that the acceleration of an obJect 1s proportional to 
the nef ƒorce acting on the obJect. The net force, as mentioned earlier, 1s the 
Đecfor sum oŸ all forces acting on the object. Indeed, extensive experiments have 
shown that forces do add together as vectors precisely according to the rules 
we developed in Chapter 3. For example, in EFig. 4—18, two forces of equal magni- 
tude (100N each) are shown acting on an obJect at ripght angles to each other. 
Intuitively, we can see that the obJect will start moving at a 45° angle and thus 
the net force acts at a 45” angle. Thịs 1s Just what the rules of vector addition 
give. From the theorem of Pythagoras, the magnitude of the resultant force 1s 
FR= \⁄400 N + (100N) = 141N. 


EXAMPLE 4-9 ' Adding force vectors. Calculate the sum of the two forces 
exerted on the boat by workers A and B m Fig. 4—19a. 
APPROACH We add force vectors like any other vectors as described in 
Chapter 3. The first step 1s to choose an xy coordinate system (see Fig. 4—19a), 
and then resolve vectors into the1r componenfs. 


SOLUTION The two force vectors are shown resolved into components in 

Hig. 4-19b. We add the forces using the method of components. The compo- 

nenfs of E¿ are 
FAy 
F^y 


FAcos45.0° = (40.0N)(0.707) = 28.3N, 
FAsin45.0° = (40.0N)(0707) = 283N. 


The components of Ể; are 

lầy = +Fpgcos37/0° = +(30.0N)(0.799) = +24.0N, 

Fay = —Fpsin370° = -(30.0N)(0.602) = —18.1N. 
Ƒsy 1s negative because 1t points along the negative y axis. The components of 
the resultant force are (see Fig. 4—19c) 

Fqy = FAx + Fpgy = 283N + 210N = 523N, 

Fqy = FAy + Fny = 283N — 181N = 102N. 


To find the magnitude of the resultant force, we use the Pythagorean theorem, 


Fạ = WFÄ, + FÄ, = W/(523)? + (102N = 533N. 


The only remaining question is the angle Ø that the net force Eạ makes with the 
xaXIS. We use: 


Ƒy 10.2N 
tan 0 = = = 0.195 
Sử lạ  523N 


and tan !(0.195) = 11.0°. The net force on the boat has magnitude 53.3 NÑ and 
acts at an 11.0” angle to the x aXIs. 


'When solving problems 1nvolving Newton”s laws and force, 1t 1s very Important 
to draw a đdiagram showing all the forces acting ø# each obJect involved. Such a dia- 
gram 1s called a free-body diagram, or force diagram: choose one object, and draw 
an arrow fo represent each force acting on 1t. Include eery force acting on that 
oblject. Do not show forces that the chosen obJect exerts on ø/her obJects. To help 
you 1dentify each and every force that 1s exerted on your chosen object, ask yourself 
what other obJects could exert a force on 1t. IÝyour problem Involves more than one 
obJect, a separate free-body diagram 1s needed for each obJect. For now, the likely 
forces that could be acting are grziy and cowact ƒorces (one object pushing or 
pulling another, normal force, friction). Later we will consider other types 0Ÿ Íorce 
such as buoyanecy, fluid pressure, and electric and magnetic forces. 


(a) (b) 
FIGURE 4-18 (a) Two horizontal 
forces, Fa and Fb , exerted by 
workers A and B, act on a crate 
(we are looking down from above). 
(b) The sum, or resultant, of FA 
and Fb 1S Eh. 


FIGURE 4-19 Example 4—9: Two 
force vectors acf on a boat. 


Ì 


# PROBLEM SOLVING 
tree-body diagram 
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QoLVIMC 


Motion 
—————————> 


ẾN 
FIGURE 4-20 Example 4—10. 
'Which 1s the correct free-body 


điapram for a hockey puck sliding 
across frictionless Ice? 


(a) ÏFG 


CONCEPTUAL EXAMPLE 4-10 


sliding at constant velocity across a flat horizontal Ice surface that 1s assumed 
to be frictionless. Which of the sketches in Fig. 4—20 1s the correct free-body 
điagram for this puck? What would your answer be 1 the puck slowed down? 


RESPONSE Did you choose (2)? IÝ so, can you answer the question: what 


@P- :r 


Motion Motion 
— ——— 
ỀN ỀN 


. ẤP 


_ 


(b) Ÿ Fo (c) ŸÏEQ 


exerts the horizontal force labeled Ê on the puck? Tf you say that it is the force 


needed to maintain the motion, ask yourself: what exerts this force? Remember 
that another obJect must exert any force—and there simply 1sn't any possibility 


here. Therefore, (2) is wrong. Besides, the force F in Eig. 4-20a would give rise to 


an acceleration by Newton”s second law. It is (b) that is correct. No net force 


acts on the puck, and the puck slides at constant velocity across the Ice. 


In the real world, where even smooth Ice exertfs at least a tiny friction force, 
then (c) 1s the correct answer. The tiny friction force 1s in the direction opposite 
to the motion, and the puck”s velocity decreases, even 1f very sÌowly. 


Newton's Laws; Free-Body Diagrams 


1. 


2. 


S9Š*€AUTION 


Draw a sketch of the situation, after carefully reading 
the Problem at least twice. 

Consider only one obJect (at a time), and draw a 
free-body diagram for that obJect, showing z// the 
forces acting øn that obJect. Include any unknown 
forces that you have to solve for. Do not show any 
forces that the chosen obJect exerts on other obJecfs. 

Draw the arrow for each force vector reasonably 
accurately for direction and magnitude. Label each 
force acting on the object, Iincluding forces you must 
solve for, according to Ifs source (øTavi(y, person, 
friction, and so on). 

Tf several obJects are Involved, draw a free-body 
điagram for each object separarely. For each obJect, 
show all the forces acting øn (hat object (and only 
forces acting on that objecf). For each (and every) 
force, you must be clear about: on what obJect that 


Thịs Problem Solving Strategy should not be considered a prescription. Rather 
1t 1s a summary of things to do that wIll start you thinking and getting involved 
1n the problem at hand. 

'When we are concerned only about translatonal motion, all the forces on a 
gIven object can be drawn as acting at the center of the obJect, thus treating the 
oblject as a pøimf parficle. However, for problems 1Involving rotation or statics, the 


Treating an obJect as a particle 


force acts, and by what object that force 1s exerted. 
Only forces acting ø a given object can be included 
in SE = 7ä for that obJject. 


‹ Newton”s second law 1nvolves vecfors, and 1f is usu- 


ally Important to resolye vecfors into components. 
Choose x and y axes In a way that simplifles the 
calculation. For example, It often saves work 1ƒ you 
choose one coordinate axIs to be In the đirection oŸ 
the acceleration (ïf known). 


‹Ổ Eor each object, apply Newton?s second law to the 


x and y components separately. That 1s, the x compo- 
nent of the net force on that object 1s related to 
the x component of that obJects acceleration: 
>Ƒy = may, and simllarly for the y đirection. 


„ Solve the equation or equations for the unknown(s). 


Put in numerical values only at the end, and keep 
track of unIts. 


place +ohere each force acts 1s also Important, as we shall see in Chapfters 8 and 9. 


In the Examples In this Section, we assume that all surfaces are very smooth so 
that friction can be Iignored. (Friction, and Examples using it, are discussed in 


Section 4-8.) 


The hockey puck. A hockey puck 1s 


Pulling the mystery box. Suppose a friend asks to examine 
the 10.0-kg box you were given (Example 4—~ó6, Fig.4—15), hoping to guess what 
1s Inside; and you respond, “Sure, pull the box over to you.” She then pulls 
the box by the attached cord, as shown 1n Fig. 4-21a, along the smooth surface 
of the table. The magnitude of the force exerted by the person1s ?ÿ = 40.0N, 
and ït is exerted at a 30.0” angle as shown. Calculate (2) the acceleration of the 
box, and (b) the magnitude of the upward force #2 exerted by the table on the 
box. Assume that friction can be neglected. 


APPROACH We follow the Problem Solving Strategy on the previous page. 


SOLUTION 

1. Draw a sketch: The situation 1s shown in Fig.4—21a; 1t shows the box and the 
force applied by the person, #). 

2. Eree-body diagram: Figure 4-21b shows the free-body diagram of the box. To 
draw It correctly, we show aÏƒ the forces acting on the box and øzwy the forces 
acting on the box. They are: the force of pravity zng: the normal force exerted by 
the table Ê¿; and the force exerted by the person Ep. We are interested only in 
translational motion, so we can show the three forces acting at a point, Eig.4—21c. 

3. Choose axes and resolye vectors: We expect the motion to be horizontal, so 
we choose the x axis horizontal and the y axis vertical. The pull of 40.0 N has 
componenfts 


F„„ = (400N)(cos30.0°9) = (40.0N)(0866) = 34.6N, 
Fzy = (400N)(sin 30.09) = (400N)(0.500) = 20.0N. 


In the horizontal (x) direction, Ê¿ and zg have zero components. Thus the 
hor1zontal component of the net force 1s Fpy. 
4. (z) Apply Newton?s second law to get the x component of the acceleration: 


Fọy = may. 
5. (2) Solye: 
— đọụy _ @46N) - 5 
đy = (100kg) 3.46 m/s“. 


The acceleration of the box ¡s 3.46 m/s” to the right. 
(b) Next we want to find Ứ§. 


4. (5) Apply Newton°?s second law to the vertical (y) direction, with upward as 
DOSIfIV: 
%Fy = may 


ẨFN — mg + Fpy = may. 


5', (b) Solve: We have mg = (10.0 kg)(9.80 m/s”) = 98.0N and, from point 3 
above, by = 20.0N. Furthermore, since py < mg, the box does not move 
vertically, so øy = 0. Thus 


N— 980N + 200N = 0, 
SƠ 
Fy = 780N. 


NOTE ƑN is less than zng: the table does not push against the full weight of the 
box because part of the pull exerted by the person 1s In the upward direction. 


EXERCISE F A 10.0-kg box 1s dragged on a horizontal frictionless surface by a hori- 
zontal force of 10.0 N. TỶ the applied force 1s doubled, the normal force on the box wIll 
(2) increase; (b) remain the same; (c) decrease. 


Tension in a Flexible Cord 


'When a flexible cord pulls on an obJect, the cord 1s said to be under fension, and the 
force 1t exerts on the oblect 1s the tension +. If the cord has negligible mass, the 
force exerfed at one end 1s transmitted undiminished to each adjacent pIece of cord 
along the entire length to the other end. Why? Because SE = zãä = 0 for the 
cord 1ƒ the cord”s mass # is zZero (or negligible) no matter what ä is. Hence the forces 
pulling on the cord at its two ends must add up to zero (# and — Fr). Note that 
flexible cords and strings can only pull. They can”t push because they bend. 


r'p=400N 


FIGURE 4-21 (a) Pulling the box, 
Example 4—11; (b) is the free-body 
diagram for the box, and (c) is the 
free-body diagram considering all 
the forces to acf at a point 
(translational motion only, which 
1s what we have here). 


jỂ| pnosLeM SOLVING 


Cords can puÏl but can! push; 
tension exists throughout a tau† cord 
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FIGURE 4-22 Example 4-12. (a) Two boxes, 

A and B, are connected by a cord. A person pulls 
hor1zontally on box A with force #p = 40.0N. 
(b) Free-body diagram for box A. (c) Free-body 
điagram for box B. 


BoxB Box A 


(a) Our next Example Iinvolves two boxes connected by a cord. We can refer to 
this group of objecfs as a system. A sysfem 1s any group of one or more obJecfs we 
choose to consider and study. 


Two boxes connected by a cord. Two boxes, A and B, are 
connected by a lightweight cord and are resting on a smooth (frictionless) table. 
The boxes have masses of 12.0 kg and 10.0 kg. A horizontal force #2 of40.0N 1s 
applied to the 10.0-kg box, as shown in Fig. 4-22a. Eind (4) the acceleration of 
each box, and (b) the tension In the cord connecting the boxes. 


APPROACH We streamline our approach by not listineg each step. We have two 
boxes so we draw a free-body diagram for each. To draw them correctly, we 
must consider the forces on cach box by 1(self, so that Newton”s second law 
can be applied to each. The person exerts a force #> on box A. Box A exerts a 
force #r on the connecting cord, and the cord exerts an opposite but equal 
magmitude force #+ back on box A (Newton”s third law). The two horizontal 
forces on box A are shown 1n Fig. 4—-22b, along with the force OŸ øTavIfy 7A 8 
downward and the normal force Ể¿w exerted upward by the table. The cord is 
light, so we neglect 1ts mass. The tension at each end of the cord ¡s thus the same. 
Hence the cord exerts a force # on the second box. Figure 4-22c shows the 
forces on box B, which are Ey, zz;8, and the normal force E;„. There will be 
only hor1zontal motion. We take the posifive x axIs to the ripht. 


SOLUTION (z)We apply >Ey = may to box A: 


(b) 


>Eyv = tp = tị — THA ŒA. [box A] 
For box B, the only horizontal force 1s F†, sO 
bồi nà = T — Tripd,. [box BỊ] 


The boxes are connected, and 1f the cord remains taut and doesn't stretch, then 
the two boxes wIll have the same acceleration øa. Thus đA = apg = a. W© are 
given z4 = 10.0kg and +; = 12.0kg. We can add the two equations above 
to eliminate an unknown (Ƒ¡) and obtain 


(mạ + mụ)a = Tp = Hị + Hị = Tạ 
OT 
P 40.0N 


= = = 182m/s?. 
“CỔ mạ + mạ 220kg 2 Hệ 


Thịs 1s what we soupht. 


(b) From the equation for box B above (r = Hy đa), the tension In the cord 1s 
Fạ = mạa = (120kg)(182m/s?) = 218N. 

Thus, r < § (= 40.0N), as we expect, since #† acts to accelerate only ng. 

Alternate Solution to (a} We would have obtained the same result had we consid- 

ered a single system, oŸmass zmụ + 7#+ps, acted on by a net hor1zontal force equal 

to Ƒp. (The tension forces #+ would then be considered internal to the system as 


a whole, and summed together would make zero contribution to the net force 
on the 2øhofe system.) 


SÊ*CAUTION 
For any obJect, se only 
the ƒorces on that object in 
calculaing XF = ma 


NOTE It might be tempting to say that the force the person exerfs, Fp, acts not 
only on box A but also on box B. It doesn't. p acts only on box A. It affects 
box B via the tension In the cord, r, which acfs on box B and accelerates 1t. 
(You could look at it this way: r < Fp because Ƒp accelerates boíh boxes 
whereas + only accelerates box B.) 
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Elevator and counterweight (Atwood machine). A system 
Of two obJecfs suspended over a pulley by a flexible cable, as shown In Fig. 4—23a, 
1S sometimes referred to as an Afoood machine. Consider the real-life appli- 
cation of an elevator (zz) and its counterweight (me). To minimize the work 
done by the motor to raise and lower the elevator safely, zy and #c are made 
similar In mass. We leave the mofor out of the system for this calculation, and 
assume that the cable”s mass 1s neglipible and that the mass of the pulley, as well 
as any friction, 1s small and ignorable. These assumptions ensure that the 
tension in the cable has the same magmitude on both sides of the pulley. Let the 
mass of the counterweight be 7c = 1000 kg. Assume the mass of the empty 
elevator 1s 850 kg, and Its mass when carrying four passengers 1s 7p = 1150 kg. 
For the latter case (my = 1150kg), calculate (4) the acceleration of the 
elevator and () the tension ¡n the cable. 


APPROACH Again we have two objects, and we will need to apply Newton's 
second law to each of them separately. Each mass has two forces acfing on 1t: 
gravity downward and the cable tension pulling upward, E;. Figures 4-23b 
and c show the free-body diagrams for the elevator (zg) and for the counter- 
weipht (mc). The elevator, being the heavier, will accelerate downward, 
whereas the counterweight will accelerate upward. The magnitudes of their 
accelerations will be equal (we assume the cable is massless and doesn't stretch). 
Eor the counterweight, z„cøg = (1000 kg)(9.80 m/s”) = 9800N, so #¡ must be 
øreater than 9800 N (n order that c will accelerate upward). For the elevafOor, 
mpgg = (1150 kg)(9.80 m/s”) = 11,300N, which must have greater magnitude 
than † so that 7p accelerates downward. Thus our calculation must give 
between 9800 and 11,300 N. 

SOLUTION (2) To find r as well as the acceleration z, we apply Newton”s 
second law, »F = 7a, to each oblject. We take upward as the positive y đirec- 
tion for both objJects. With this cholce of axes, đc = 4 because 7c accelerates 


upward, and ap; = —a because 7p accelerates downward. Thus 
F — mp§ = mpadp = Tmpẹa 
r — mcg = Mac = Tĩẹca. 


We can subtract the frst equation from the second to get 
(mẹ = mc)8 = (mẹ bà mẹ)a, 
where z 1s now the only unknown. We solve this for a: 


1150 kg — 1000kg 
— 1150kg + 1000kg Š 


tp — Tre 


= 0/070g = 0.68m/S”. 


a te + c 8 
The elevator (me) accelerates downward (and the counterweight mẹ upward) at 
a = 0.070g = 0.68 m/5S°. 
(b) The tension im the cable #; can be obtained from either of the two 
SF = ma equations at the start of our solution, setting ø = 0.070g = 0.68m/5Ẻ: 


Fậạ = mạpg — mẹa = mg(g — 4) 
= 1150kg (9.80m/s°” — 0.68m/s”) = 10,500N, 
OT 
Fị = mẹg + mẹa = mẹ(g + a) 
=_ 1000 kg (9.80m/s” + 0.68m/s?) = 10,500N, 


which are consistent. As predicted, our result lies between 9800 Ñ and 11,300 N. 


NOTE We can check our equation for the acceleration z In this Example by 
noting that if the masses were equal (mp; = me), then our equation above for a 
would give ø = 0, as we should expect. Also, If one of the masses 1s Zero (Say, 
mẹ = 0), then the other mass (zy # 0) would be predicted by our equation to 
accelerate at  = ø, agaIn as expected. 


SECTION 4-7 Solving Problems with Newton's Laws: Free-Body Diagrams 


@ÒPHvsics APPLIED 


Eleuator (as Atuood machine) 


äp 
Elesorf 
Car 
l tÈ° 
đt -i Counterweight 
1150 kg mẹ = 1000 kg 


L 


(b) (c) 
FIGURE 4-23 Example 4-13. 
(a) Atwood machine ¡in the form of 
an elevator—counterweight system. 
(b) and (c) Free-body diagrams for 
the two obJects. 


mẹỹ# 


jỂ|pnosLEM SOLVING 


Check your result by seeing iƒ it 
tUorks in situations t0here the 
đnstuer is easily guessed 
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FIGURE 4-24 Example 4-14. 


€@ÒPnvsics APPLIED 
Accelerometer 


FIGURE 4-25 Example 4-15. 


The advantage of a pulley. A mover is 
trying to Hit a piano (slowly) up to a second-story apartment (Fig. 4-24). He 1s 
using a rope looped over two pulleys as shown. What force must he exert on the 
rope fo slowly lift the piano”s 1600-N weight? 


RESPONSE The magnitude of the tension force # within the rope 1s the same 
at any point along the rope 1Ÿ we assume we can I1gnore 1(s mass. First notice the 
forces acting on the lower pulley at the piano. The weight of the piano (= 7£) 
pulls down on the pulley. The tension in the rope, looped throuph this 
pulley, pulls up f+œice, once on each side of the pulley. Let us apply Newton”s 
second law to the pulley—plano combination (of mass zz), choosing the upward 
direction as pOSIfIVe: 


2lr — mg = ma. 


To move the piano with constant speed (set ø = 0Ö m this equation) thus requires 
a tension ¡in the rope, and hence a pull on the rope, of. r = zmg/2. The piano 
mover can exert a force equal to half the piano”s weight. 

NOTE We say the pulley has given a mechanical advanfage of 2, since without 
the pulley the mover would have to exert twIce the force. 


Accelerometer. A small mass 7 hangs from a thm string 
and can swing like a pendulum. You attach 1t above the window O your car 
as shown In Fig. 4-25a. When the car 1s at rest, the string hangs vertically. 
What angle Ø does the string make (z) when the car accelerates at a constanft 
a = 1.20m/s”, and (b) when the car moves at constant velocity, ø = 90 km/h? 
APPROACH The free-body diagram of Eig. 4—25b shows the pendulum at some 
angle Ø relative to the vertical, and the forces on 1(: 7ø downward, and the 
tension Er in the cord (including its components). These forces do not add up 
to Zero IŸ Ø # Ú; and since we have an accelerafion a, we expect Ø # 0. 
SOLUTION (2) The acceleration ø = 1.20 m/s” is horizontal (= ay), and the only 
horizontal force is the x component of Ể, Ƒạ sin Ø (Fig.4-25b). Then from Newfon's 
second law, 


ma = Frsin0. 
The vertical component of Ñewton”s second law gives, since øy = 0, 


0 


Trcos0 — mg. 
So 
mg = Frcos0. 


Dividing these two equations, we obtain 


tú Ö trsim 9 ma a 
n = = = 
- F cos Ø9 § § 
or 
1.2 Ề 
8g CC 
9.80 m/s 
= 0.122, 
SO 
0 = 7.0. 


(b) The velocity is constant, so ø = 0 and tan Ø0 = 0. Hence the pendulum hangs 
vertically (Ø = 0°). 

NOTE This simple device 1s an acceleromefer—it can be used to determine 
acceleration, by mesuring the angle 0. 
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4—6 Problems Involving Friction, Inclines 
Friction 

Until now we have ignored friction, but it must be taken Into account in mosf 
practical situations. Friction exists between two solid surfaces because even the 
smoothest looking surface 1s quite rough on a microscopic scale, Fig. 4-26. When 
we try to slide an obJect across a surface, these microscopic bumps impede the 
motion. Exactly what 1s happening at the microscoprc level 1s not yet fully under- 
stood. It 1s thought that the atoms on a bump of one surface may come so cÏose to 
the atoms of the other surface that attractive electric forces between the atoms 
could “bond” as a tiny weld between the two surfaces. Sliding an obJecf across a 
surface 1s often Jerky, perhaps due to the making and breaking of these bonds. 
Even when a round obJect rolls across a surface, there 1s still some friction, called 
rolling friction, although 1t 1s generally much less than when an object slides across 
a surface. We focus now on sÏiding friction, which 1s usually called kinetic friction 
(kinefic 1s from the Greek for “moving”). 

'When an obJect slides along a rough surface, the force of kinetic friction acts 
Opposite to the direction of the obJect's velocity. The magnitude of the force of 
kinetic friction depends on the nature of the two sliding surfaces. For given 
surfaces, experiment shows that the friction force 1s approximately proportional 
to the mormal ƒforce between the two surfaces, which 1s the force that either 
obJect exerts on the other and 1s perpendicular to theiIr common surface of conftact 
(see Eig.4—27). The force of friction between hard surfaces in many cases depends 
very little on the total surface area of contacf; that 1s, the friction force on this book 
1s rouphly the same whether it 1s being slid across a table on 1s wide face or On IS 
spIne, assuming the surfaces have the same smoothness. We consider a simple model 
Of friction in which we make this assumption that the friction force 1s ndepen- 
dent of area. Then we wrife the proportionality between the magnitudes of the 
friction force #‡; and the normal force #q as an equafion by inserting a constant of 
proportlonalIty, uy: 

Hạ = UyỪN. [kinetic friction] 

Thịs relation 1s not a fundamental law; 1t is an experimental relation between 
the magmitude of the friction force ?;„, which acts parallel to the two surfaces, and 
the magnitude of the normail force q, which acts perpendicular to the surfaces. 
Tt1s of a vector equation since the two forces have different directions, perpendicular 
to one another. The term /ưự 1s called the coefficient öƒ kinetic ƒricfion, and 1s value 
depends on the nature of the two surfaces. Measured values for a variety oŸ sur- 
faces are ø1ven in Table 4—2. These are only approximate, however, since  depends 
on whether the surfaces are wet or dry, on how much they have been sanded or 
rubbed, If any burrs remain, and other such factors. But uy (which has no uni(s) 1s 
roughly independent of the sliding speed, as well as the area In confact. 


TABLE 4-2 Coefficients of Friction? 


Coefficient of Cocfficient of 
Surfaces Static Friction, , Kinetic Eriction, ự 
Wood on wood 0.4 0.2 
lce on Ice 0.1 0.03 
Metal on metal (Iubricated) 0.15 0.07 
Steel on steel (unlubricated) 0.7 0.6 
Rubber on dry concrete 1.0 0.8 
Rubber on wet concrete 07 0.5 
Rubber on other solid surfaces 1-4 1 
Teflon” on Teflon in air 0.04 0.04 
Teflon on steel In aIr 0.04 0.04 
Lubricated ball bearings <0.01 <0.01 
Synovial Joinfs (in human limbs) 0.01 0.01 


TValues are approximate and intended only as a guide. 


` _ 


FIGURE 4-26 An object moving to 
the ripht on a table. The two surfaces 
1n confactf are assumed smooth, but 
are rough on a microscopIc scale. 


FIGURE 4-27 When an object is 
pulled along a surface by an applied 
force (Ea), the force of friction Eyy 
opposes the motion. The magnitude 
of Êặy is proportional to the 
magnitude of the normal force (N). 


4© cAuTIioN 
Eụ .Í Eụ 
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FIGURE 4-27 Repeated for 
Example 4-16. 


FIGURE 4-28 Example 4-16. 
Magnitude of the force of friction as 
a function of the external force 
applied to an object Initially at rest. 
As the applied force 1s Increased In 
magmitude, the force oŸ static friction 
1ncreases In proportion until the 
applied force equals s #N. IÝ the 
applied force Increases further, the 
object wIll begin to move, and the 
friction force drops to a roughly 
consfant value characteristic of kinetic 
Íriction. 


ni t fr— nụ N 
5 
© l ' - 
kr Static 1! Kinetic 
= fricionI  icion 
#|/0 20 30 M0 50 60 70 
0 Applied force, TỰ 
uy? N 
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What we have been discussing up to now 1s kinefic ƒricion, when one obJect 
slides over another. There 1s also sfafic fricfion, which refers to a force parallel to 
the two surfaces that can arise even when they are not sliding. Suppose an object 
such as a desk 1s resting on a hor1zontal floor. If no horizontal force 1s exerted on 
the desk, there also 1s no friction force. But now suppose you try to push the 
desk, and 1t doesn't move. You are exerting a horizontal force, but the desk 1sn't 
moving, so there must be another force on the desk keeping It from moving (the 
net force Is zero on an object at rest). Thĩs 1s the force OÝ s/afic ƒricfion exerted 
by the floor on the desk. If you push with a greater force without moving the desk, 
the force of static friction also has Increased. IÝ you push hard enoueh, the desk will 
eventually start to move, and kinetic friction takes over. At this point, you have 
exceeded the maximum force of static friction, which 1s gIven by LhJ max = HN, 
where /¿ is the coefficient oƒ static ƒricion (Table 4-2). Because the force of static 
friction can vary from zero to this maximum value, we wrIte 


Fịy S tMyFN. [static friction] 


You may have noticed that 1t is offten easier to keep a heavy obJect sliding 
than 1t 1s to start 1t sliding In the first place. This 1s consistent with ¿ generally 
being øreater than /¿ (see Table 4-2). 


Friction: static and kinetic. Our 10.0-kg mystery box resfs 
on a hor1zontal floor. The coefficient of static Íriction 1s ¿ = 0.40 and the 
coefficient of kinetic friction 1s, = 0.30. Determine the force of friction, ?, 
acting on the box 1f a horizontal applied force #4 1s exerted on 1t of magnitude: 
(2)0, (b) 10N, (c) 20N, (4) 38 N, and (e) 40 N. 

APPROACH We don't know, ripht off, IÍ we are dealing with static friction or 
kinetic friction, nor 1f the box remains at rest or accelerates. We need to draw a 
free-body diagram, and then determine In each case whether or not the box wIll 
move: the box starts moving 1f ƑA 1s greater than the maximum sfatic friction 
force (Newton”s second law). The forces on the box are gravity g, the normal 
force exerted by the floor Ey, the horizontal applied force Ể, and the fric- 
tion force Eị„, as shown in Hig. 4-27. 


SOLUTION The free-body diagram of the box 1s shown m Fig. 4-27. In the vertical 
direction there Is no motion, so Newton”s second law In the vertical direction 
gIves >F, = may = Ú, which tellsus ƒÑ — mg = 0. Hence the normal force Is 


(10.0 kg)(9.80m/s”) = 98.0N. 
(4a) Because #4 = 0 in this first case, the box doesnt move, and # = 0. 


ĂŸN = mg = 


(b) The force of static friction will oppose any applied force up to a maximum of 
sfx = (0.40)(980N) = 39N. 

When the applied force is #4 = 10N, the box will not move. NÑewton”s second 

law gives Xy = ƑA — Hy =0, so y = 10N. 

(c) An applied force of 20N 1s also not sufficient to move the box. Thus 

ty = 20N to balance the applied force. 


(đ) The applied force of 38N ¡s still not quite large enough to move the box; 
so the friction force has now 1ncreased to 38 N to keep the box at rest. 


() A force of 40 N wIll start the box moving since it exceeds the maximum force 
Of static friction, ¿ #q = (0.40)(98N) = 39N. Instead of static friction, we now 
have kinetic friction, and 1ts magnitude 1s 

Hị = my = (0.30)(980N) = 29N. 


There ¡1s now a net (horizontal) foree on the box of magniude 


FP =40N_- 29N = 11N, so the box will accelerate at a rate 
>F 11IN 2 
đy = 10.0kg 1.1m/s 


as long as the applied force 1s 40N. Hgure 4-28 shows a graph that summar1zes 
this Example. 
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Friction can be a hindrance. It slows down moving obJects and causes heating 
and binding of moving parts in machinery. Friction can be reduced by using lubri- 
cants such as oil. More effective 1n reducing friction between fwO surfaces 1s tO 
maintain a layer of air or other gas between them. Devices using this concept, 
which 1s not practical for most situations, include air tracks and air tables in which 
the layer oŸ air 1s maintained by forcing air through many tiny holes. Another 
technique to maintain the aIr layer 1s to suspend obJecfs in air using magnetic 
fields (“magnetic levitation”). 

On the other hand, friction can be helpful. Our ability to walk depends on 
friction between the soles of our shoes (or feet) and the ground. (Walking Involves 
static friction, not kinetic friction. Why?) The movement of a car, and also i(s 
stability, depend on friction. When friction 1s low, such as on 1ce, safe walking or 
driving becomes difficult. 


A box against a wall. You can hold a box 
agaInst a rouph wall (Fig. 4-29) and prevent 1t from slipping down by pressing Ể 
hard horizontally. How does the application of a horizontal force keep an 
obJect from moving vertically? 


RESPONSE This won't work well If the wall 1s slippery. You need friction. 
Even then, 1ƒ you don't press hard enough, the box wIll slip. The horizontal 
force you apply produces a normal force on the box exerted by the wall (the 
net force hor1zontally 1s zero since the box doesn't move hor1zontally). The force 
Of gravify mg, acting downward on the box, can now be balanced by an upward 
static friction force whose maximum magmitude 1s proportional to the normal 
force. The harder you push, the preater #x is and the preater #¿„ can be. YOU FIGURE 4-29 Example 4-17. 
don't press hard enouph, then g > „#4 and the box begins to slide down. 


EXERCISE G If „¿ = 0.40 and mg = 20N, what minimum force # will keep the box 
from falling: (4) 100N; (5) 80N; (c) 50N; (2) 20N; (e) 8N? 


EXAMPLE 4-18 | Pulling against friction. A 10.0-kg box ¡s pulled along a 

horizontal surface by a force ?p of 40.0 N applied at a 30.0° angle above hori- 
zontal. This 1s like Example 4—11 except now there 1s friction, and we assume a 
coefficient of kinetic friction of 0.30. Calculate the acceleration. 
APPROACH The free-body diagram 1s shown in Fig. 4-30. It is much like that FIGURE 4-30 Example 4-18. 
in Eig. 4-21b, but with one more force, friction. Ể 
SOLUTION The calculation for the vertical (y) direction ¡s just the same 
as in Example 4-Ilb, mg = (10.0kg)(9.80m/s”) =980N and 2y = 
(40.0 N)(sin 30.0”) = 20.0N. With y positive upward and ay = 0, we have 


PN — mg + Fpy = may 
Fq — 98.0N + 200N = 0, 


so the normal force 1s  = 78.0N. Now we apply Newton”s second law for the 
horizontal (x) direction (positive to the righf), and include the friction force: 


Fpy — lạ = may. 


The friction force 1s kinetic friction as long as y = 4 1s less than by = 
(40.0N) cos 30.0° = 34.6N, which It 1s: 
Hạẹ = my = (0.30)(780N) = 23.4N. 
Hence the box does accelerate: 
Fby — ụ 346N - 234N 2 
lữ. = mm = 100kg = 1.1m/%“. 


In the absence of friction, as we saw 1n Example 4—11, the acceleration would be 
much greater than this. 


NOTE Our final answer has only two significant figures because our leasf sig- 
nificant input value ( = 0.30) has two. 
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F (d) 


(c) 
FIGURE 4-31 Example 4—19. 


FIGURE 4-32 Example 4-20. 


3.0 kg 
A 
B 
2.0 kg 
(a) 
ẾN 
Êr 


HAS 


(b) (c) 


$*CAUTION 


Tension in a cord supporting a ƒalling 
object may not equal objectS tueight 
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CONCEPTUAL EXAMIPLE 4-19 | To push or to pull a sled? Your li(le sister 


wanfs a ride on her sled. If you are on flat ground, wIll you exert less force 1Ÿ you 
push her or pull her? See Eigs.4-31a and b. Assume the same angle Ø in each case. 


RESPONSE Let us draw free-body diaprams for the sled—sister combination, 
as shown mm Eigs. 4—31c and d. 'They show, for the two cases, the forces exerted 
by you, Ê (an unknown), by the snow, Ê and F„, and gravity zz§. (a) l you 
push her, and Ø0 > 0, there 1s a vertically downward component to your force. 
Hence the normal force upward exerted by the ground (Fig. 4-31c) will be 
larger than 7g (where ø 1s the mass of sister plus sled). (b) If you pull her, your 
force has a vertically upward component, so the normal force #q will be less 
than 7g, Eig. 4-31d. Because the friction force 1s proportional to the normal 
force, #„ will be less 1f you pull her. So you exert less force 1ƒ you pull her. 


EXAMPLE 4-20 | Two boxes and a pulley. In Fig. 4-32a, two boxes are 
connected by a cord running over a pulley. The coefficlent of kinetic friction 
between box A and the table ¡is 0.20. We ignore the mass of the cord and pulley 
and any friction In the pulley, which means we can assume that a force applied 
to one end of the cord wiIll have the same magnitude at the other end. We wish 
to find the acceleration, z, of the system, which will have the same magnitude 
for both boxes assuming the cord doesn't stretch. As box B moves down, box A 
moves fo the right. 

APPROACH The free-body diaprams for each box are shown In Figs.4—32b and c. 
The forces on box A are the pulling force of the cord #†, gravity 7 ø, the nor- 
mail force exerted by the table ïq, and a friction force exerted by the table #2; 
the forces on box B are gravity mg ø, and the cord pulling up, T. 
SOLUTION Box A does not move vertically, so Newton”s second law tells us 
the normal force Just balances the weipht, 

FN = mạụg = (5.0kg)(98m/s2) = 49N. 
In the hor1zontal direction, there are two forces on box A (Fig. 4-32b): Fr, the 
tension in the cord (whose value we don”t know), and the force of friction 
(0.20)(49N) = 9.8N. 
The horizontal acceleration (box A) 1s what we wish to find; we use Newton”s 
second law in the x direction, >4 = m:Aøy, which becomes (taking the positive 
đirection to the right and setting đAxy = 3): 

XEAy —= tị = tụy —= PHIAŒ. [box A] 
Next consider box B. The force of gravity mg = (2.0 kg)(9.8m/s?) = 19.6N 
pulls downward; and the cord pulls upward with a force #. So we can wrife 
Newton'”s second law for box B (taking the downward direction as poSIfIv): 


[box BỊ 


Fạ — ĐEN = 


hy —= fip£ — Fr — PHlrpd. 
[Notice that IÝ a # 0, then #r ïs not equal to znp ø.] 


We have two unknowns, ø and #†, and we also have two equafions. We solve 
the box A equation for †: 


tr = Hạ + mụa, 
and subsfitute this into the box B equation: 


mpg — F„ — mụa mg 4. 
NÑow we solve for z and put 1n numerical values: 
— h 196N — 9.8N 
..~- th = 1A4m/$S, 


which 1s the acceleration of box A to the right, and of box B down. 
TỶ we wish, we can calculate + using the third equation up from here: 


9.8N + (5.0kg)(14m/s?) = 17N. 


NOTE Box B ¡s not in free fall. It does not fall at a = g because an additional 
force, #, 1s acting upward on It. 


Hị = Hạ + KHAA — 


Inclines 


Now we consider what happens when an object shdes down an 1ncline, such as 
a hll or ramp. Such problems are Interesting because gravity 1s the accelerating 
force, yet the acceleration 1s not vertical. Solving problems 1s usually easler 1Ÿ we 
choose the xy coordinate system so the x axis poinfs along the incline (the direction 
of motion) and the y axis is perpendicular to the incline, as shown in Fig. 4-33. 
Note also that the normal force 1s not vertical, but 1s perpendicular to the sloping 
surface of the plane, along the y axIs 1n Fig. 4—33. 


EXERCISEH Is the normal force always perpendicular to an Inclined plane? Is it always 
vertical? 


EXAMPLE 4-21 | The skier. The skier in Hig.4—34a has begun descending the 
30” slope. If the coefficient of kinetic friction 1s 0.10, what 1s her acceleration? 


APPROACH We choose the x axis along the slope, positive downslope In the 
đirection of the skier's motion. The y axis is perpendicular to the surface. The 
forces acting on the skier are gravity, E¿; = mg, which points vertically down- 
ward (of perpendicular to the slope), and the two forces exerted on her skIs by 
the snow——the normal force perpendicular to the snowy slope (wo/ vertical), and 
the friction force parallel to the surface. These three forces are shown acting 
at one point In Fig. 4—34b, which 1s our free-body diagram for the skler. 


SOLUTION_We have to resolve only one vector into components, the weight Eo, 
and 1fs componentfs are shown as dashed lines in EFig. 4-34c. To be general, we 
use 0 rather than 30° for now. We use the definitions of sine (“side opposite”) 
and cosine (“side adJacent”) to obtain the componen(s: 


Fọo„ = mgsm0, 

Fqy = —mgcos0 
where #Q;y Is in the negative y direction. To calculate the skler”s acceleration down 
the hill, zx, we apply Newton”s second law to the x direction: 

>H, = may 

mg sm0 — HyFN = may 
where the two forces are the x component of the gravity force (+x direction) 
and the friction force (—x direction). We want to find the value of zy, but we 


don't yet know #4 In the last equatlon. Lets see If we can get 4 from the 
y component of Newton”s second law: 


>XF, = may 

ŸN — mgcos0 = may = 0 
where we set ay = Ú because there is no motion in the y direction (perpendic- 
ular to the slope). Thus we can solve for Fy: 

ẨN = mg cos0 
and we can subsfitute this Into our equation above ÍOr 7y: 

mg si 0 — uy(mg cOS 0) = May. 
There 1s an 7# in each term which can be canceled out. Thus (setting Ø = 30” and 
uy = 0.10): 

đy = gsin30? — .gcos 30” 

= 0.50g - (0.10)(0.866)g = 0.41g. 

The skierˆs acceleration is 0.41 times the acceleration of gravity, which in numbers” 
is a = (0.41)(9.8 m/s?) = 4.0 m/5S”. 
NOTE The mass canceled out, so we have the useful conclusion that fhe accelera- 
tion doesn depend on the mass. That sụch a cancellation sometimes occurs, and 


thus may gøive a useful conclusion as welÏ as saving calculation, 1s a big advantage 
of working with the algebraic equafions and putfing 1n the numbers only at the end. 


TWe used values rounded off to 2 significant figures to obtain ø = 4.0 m/s”. If we kept all the extra 
đigifs in our calculator, we would find a = 0.4134g 4.1 m/s”. This difference ¡s within the expected 
precision (number of significant figures, Section 1—4). 


jỂ pnosLEM SOLVING 


Good choice öƒ coordinate 
Sysfem simplifies the calculation 


FIGURE 4-33 Forces on an object 
sliding down an incline. 


đÒpHnvysics APPLIED 
Skling 
FIGURE 4-34 Example 4-21. Skier 


descending a slope; Êq = z8 is the 
force of gravity (weight) on the skler. 


jỂ|rnosLEM SOLVING 


T† is often helpful to put in numbers 
only at the end 
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SÂŠ*cAUTION 
Directions oƒ grauity and 
the normal ƒorce 


In Problems Involving a slope or an “inclined plane,” avoid making errors In 
the directions of the normal force and gravity. The normal force on an Incline 1s 
nof vertical: 1t 1s perpendicular to the slope or plane. And gravify 1s of perpendic- 


ular to the slope——gravity acts vertically downward toward the center of the Earth. 


[ Summary 


Newton% three laws of mofion are the basic classical laws 
describing motion. 

Newton*% first law (the law of inerfia) states that 1f the net 
force on an obJject 1s zero, an obJect originally at rest remains 
af rest, and an object in motion remains In motion In a straight 
line with constant velocity. 

Newton® second law states that the acceleration of an 
obJect is directly proportional to the net force acting on it, and 
1nversely proportional to 1ts mass: 

>F = mã. (4-1) 
Newton”s second law 1s one of the most important and funda- 
mental laws in classical physics. 

Newton% third law states that whenever one object exerfs 
a force on a second object, the second obJect always exerts a 
force on the first object which ¡is equal in magnitude but oppo- 
site In đirectIon: 


Fáp = —EhA (4-2) 


where Ega is the foree on object B exerted by object A. 


The tendency of an obJect to resist a change In 1s motion 
1s called inertia. Mass 1s a measure of the inertia of an obJect. 


'Weight refers to the gravitational force on an object, and 1s 
equal to the product of the obJect's mass 7 and the acceleration 
OÝ praVIty 8: 


Fq = mỹ. (4-3) 

Force, which 1s a vector, can be considered as a push or pull; 
or, from Newton”s second law, force can be defined as an action 
capable of giving rise to acceleration. The net force on an object 
1s the vector sum of all forces acting on that object. 

When two objects slide over one another, the force of 
[riction that each object exerts on the other can be written 
approxIimately as #4; = .FNq, where #4 is the normal force 
(the force each object exerts on the other perpendicular to their 
contact surfaces), and /u„ is the coefficient of kinetic friction. If 
the objects are at rest relative to each other, then #†y Is Just 
large enoupgh to hold them at rest and satisfies the inequality 
Hy < ty F\., where ; 1s the coefficient of sfatic friction. 

Eor solving problems Involving the forces on one or more 
objects, 1t 1s essential to draw a free-body diagram for each 
object, showing all the forces acting on only that object. 
Newton”s second law can be applied to the vector componenfs 
for each obJect. 


 Questions 


1. Why does a child in a wagon seem to fall backward when 
you gIve the wagon a sharp pull forward? 

2. A box rests on the (frictionless) bed of a truck. The truck 
driver starts the truck and accelerates forward. The box 
1mmediately starts to slide toward the rear of the truck bed. 
Discuss the motion of the box, in terms of Newton”s laws, as 
seen (z) by Mary standing on the ground beside the truck, 
and (ð) by Chris who ïs riding on the truck (Fig. 4—35). 


FIGURE 4-35 
Question 2. 


3. lIfan object 1s moving, is 1t possible for the net force acting 
on 1t to be zero? Explain. 

4. If the acceleration of an obJect 1s zero, are no forces acting 
on 1t? Explain. 

5. Only one force acts on an obJect. Can the object have zero 
acceleration? Can it have zero velocity? Explain. 

6. When a golf ball is dropped to the pavement, it bounces 
back up. (4) Is a force needed to make ït bounce back up? 
() TỶ so, what exerts the force? 
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7. Ifyou walk along a log floating on a lake, why does the log 
move In the opposite direction? 


8. (z) Why do you push down harder on the pedals of a bicy- 
cle when first starting out than when moving at constant 
speed? (5) Why do you need to pedal at all when cycling at 
constant speed? 


9. A stone hangs by a fñne thread from the celling, and a 
secton of the same thread danples from the bottom of 
the stone (Hig. 4-36). IÝ a person gives a sharp pull on the 
dangling thread, where ¡1s the thread likely to break: 
below the stone or above 1t? What If the person øIves a 
slow and steady pull? Explain your answers. 


FIGURE 4-36 
Question 9. 


10. The force of gravity on a 2-kg rock 1s twice as øreat as that 
on a l-kg rock. Why then doesn?t the heavier rock fall 
faster? 


11. 


12. 


13. 


14. 


(2) You pull a box with a constant force across a frictionless 
table using an attached rope held horizontally. IÝ you now 
pull the rope with the same force at an angle to the hori- 
zontal (with the box remaining flat on the table), does the 
acceleration of the box Increase, decrease, or remain the 
same? Explain. (b) What If there is friction? 

When an object falls freely under the influence of øravity 
there is a net force zg exerted on 1t by the Earth. Yet by 
Newton's third law the object exerts an equal and opposite 
force on the Earth. Does the Earth move? Explain. 
Compare the effort (or force) needed to lift a 10-kg object 
when you are on the Moon with the force needed to lift it 
on Earth. Compare the force needed to throw a 2-kg object 
hor1zontally with a g1ven speed on the Moon and on Earth. 
According to NÑewton* third law, each team In a tug of war 
(Eig. 4-37) pulls with equal force on the other team. What, 
then, determines which team will win? 


FIGURE 4-37 Ouestion 14. A tug of war. 
Describe the forces on each of the teams and 
on the rope. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


'When you sftand still on the ground, how large a force does 
the ground exert on you? Why doesn't this force make you 
rIse up Into the alr? 


'Whiplash sometimes results from an automobile accident 
when the victims car is síruck violently from the rear. 
Explain why the head of the victim seems to be thrown 
backward In this situation. Is it really? 


Mary exerts an upward force of 40N to hold a bag oÝ gro- 
ceries. Describe the “reaction” force (Newton*s third law) 
by stating (4) its magnitude, (b) its direction, (c) on what 
object it is exerted, and (đ) by what obJect it is exerted. 


A father and his young daughter are ice skating. They face 
each other at rest and push each other, moving in opposSIte 
directions. Which one has the greater final speed? Explain. 


A heavy crate rests on the bed of a flatbed truck. When the 
truck accelerates, the crate stays fixed on the truck, so It, 
too, accelerates. What force causes the crate to accelerate? 


A block 1s gIven a brIef push so that it slides up a ramp. After 
the block reaches Its hiphest point, 1t slides back down, but 
the magnitude of is acceleration 1s less on the descent than 
on the ascent. Why? 


'Why 1s the stopping distance of a truck much shorter than 
for a train øoing the same speed? 


'What would your bathroom scale read 1f you weiphed your- 
self on an inclined plane? Assume the mechanism functions 
properly, even at an angle. 


MisConceptual Questions 


1. 


A truck ïs traveling hor1zonfally to the ripht (Eig.4—38). When 
the truck starts to slow down, the crate on the (frictionless) 
truck bed starts to slide. In what direction could the net 
force be on the crate? 

() No direction. The net force 1s Zero. 

(b) Straight down (because of gravity). 

(c) Straight up (the normal force). 

(đ) Horizontal and to the ripht. 

(c) Horizontal and to the left. 


FIGURE 4-38 
MisConceptual Question 1. 


You are trying to push your stalled car. Althouph you apply 
a horizontal force of 400 N to the car, it doesnt budge, and 
neither do you. Which force(s) must also have a magnitude 
of 400 N? 

(z) The force exerted by the car on you. 

(b5) The friction force exerted by the car on the road. 

(c) The normal force exerted by the road on you. 

(đ) The friction force exerted by the road on you. 


3. 


Matt, in the foreground of Fig. 4-39, ¡s able to move the 

large truck because 

(a) he is stronger than the truck. 

(b) he is heavier in some respects than the truck. 

(c) he exerts a øreater force on the truck than the truck 
exerts back on him. 

(đ) the ground exerts a øreater friction force on Matt than 
1t đoes on the truck. 

(e) the truck offers no resistance because its brakes are off. 


FIGURE 4-39 MisConceptual Question 3. 
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MisConceptual Ouestions 


4. A bear sling, Eig. 4-40, 1s used in some national parks for 

placing backpackers'” food out of the reach of bears. As the 

backpacker raises the pack by pulling down on the rope, the 

force  needed: 

(2) decreases as the pack rises until the rope 1s straipht 
ACTOSS. 

(b) doesn't change. 

(c) Increases until the rope 1s straight. 

(đ) increases but the rope always sags where the pack 
hangs. 


FIGURE 4-40 
MisConceptual 
Ouestion 4. 


5.  What causes the boat In Fig. 4-41 to move forward? 
(z) The force the man exerfs on the paddle. 

(b5) The force the paddle exerts on the water. 

(c) The force the water exerts on the paddle. 

(4) The motion of the water itself. 


FIGURE 4-41 MisConceptual Question 5. 


. A person stands on a scale In an elevator. His apparent 
weight will be the greatest when the elevator 
(2) 1s standing still. 
(b) 1s moving upward at constant velocIty. 
(c) 1s accelerating upward. 
(đ) 1s moving downward at constant velocity. 
(e) 1s accelerating downward. 


„  When a skIer skIs down a hill, the normal force exerted on 
the skler by the hill is 
(z) equal to the weight of the skler. 
(b) greater than the weipht of the skler. 
(c) less than the weight of the skler. 


‹ A golf ball is hit with a golf club. While the ball flies through 
the air, which forces act on the ball? Neglect air resistance. 
(z) The force of the golf club acting on the ball. 

(b) The force of gravity acting on the ball. 

(c) The force of the ball moving forward through the air. 
(4) AII of the above. 

(c) Both (ø) and (c). 


9, 


11. 


12. 


Suppose an object is accelerated by a force of 100N. Sud- 

denly a second force of 100N in the opposite direction 

1s exerted on the object, so that the forces cancel. The 

object 

(2) 1s brought to rest rapidly. 

(b) decelerates gradually to rest. 

(c) continues at the velocity 1t had before the second force 
was applied. 

(đ) 1s brought to rest and then accelerates in the direction 
of the second force. 


You are pushing a heavy box across a rough floor. When you 

are initially pushing the box and 1t is accelerating, 

() you exert a force on the box, but the box does not 
exert a Íorce on you. 

(b) the box Is so heavy 1t exerts a force on you, but you do 
not exert a force on the box. 

(c) the force you exert on the box Is greater than the force 
of the box pushing back on you. 

(đ) the force you exert on the box is equal to the force of 
the box pushing back on you. 

(e) the force that the box exerts on you 1s greater than the 
force you exert on the box. 


A 50-N crate sits on a horizontal floor where the coefficlent 
Of static friction between the crate and the floor is 0.50. 
A 20-N fœrce 1s applied to the crate acting to the right. What 
1s the resulting static friction force acting on the crate? 

(a) 20N to the right. 

(5) 20N to the left. 

(c) 25 N to the right. 

(đ) 25N to the left. 

(e) None of the above; the crate starts to move. 


The normal force on an extreme skier descending a very 
steep slope (Fig. 4-42) can be Zero If 

(a) his speed 1s great enouph. 

(5) he leaves the slope (no longer touches the snow). 

(c) the slope 1s greafter than 75°. 

(đ) the slope 1s vertical (90°). 
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FIGURE 4-42 MisConceptual Question 12. 


13. To pull an old stump out of the ground, you and a Íriend tie 


two ropes to the stump. You pull on it with a force of 500]N 
to the north while your friend pulls with a force of 450N to 
the northwest. The total force from the twO ropes 1s 

(2) less than 950 N. 

(b) exactly 950 N. 

(c) more than 950 N. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


G) 


j Problems 


[ft tuould be tuise, before staring the Problems, to reread the 
Problem Soluing Strategies on pages 30, 60, and 8ồ.] 


4-4 to 4-6 Newton“s Laws, Gravitational Force, 


Normal Force [Assume no friction.] 


Í. (1 What force is needed to accelerate a sled (mass = 55 kg) 


2. 


10 


at 1.4 m/sẼ on horizontal frictionless ice? 


(D What ¡is the weight of a 68-kg astronaut (2) on Earth, 
(b) on the Moon (g = 1.7 m/5s?), (c)on Mars(g = 3.7 m/5?), 
(đ) in outer space travelineg with constant velocity? 

(D How much tension must a rope withstand If ít is used to 
accelerate a 1210-kg car horizontally along a frictionless 
surface at 1.20 m/s”? 

(H) According to a simplified model of a mammalian heart, 
at each pulse approximately 20 g of blood 1s accelerated 
from 0.25 m/s to 0.35 m/s during a period of 0.10 s. What 
1s the magnitude of the force exerted by the heart muscle? 


. () Superman must stop a 120-km/h train in 150 m to keep 


11. 


1t from hitting a stalled car on the tracks. If the traiIn”s mass 
is 3.6 < 10” kg, how much force must he exert? Compare 
to the weipht of the train (give as %). How much force 
does the train exert on Superman? 


(H) A person has a reasonable chance of surviving an aufo- 
mobile crash If the deceleration is no more than 30 g*s. 
Calculate the force on a 65-kg person accelerating at this 
rate. What distance 1s traveled 1ƒ broupht to rest at this rate 
from 95 km/h? 


(HT) What average force 1s required to stop a 950-kg car in 
8.0 s ïf the car ¡is traveling at 95 km/h? 


(ID) Estimate the average force exerted by a shot-putter on 
a 7.0-kg shot 1f the shot is moved through a distance of 
2.8 m and is released with a speed of 13 m/s. 

(H) A 0.140-kg baseball travelineg 35.0m/s strikes the 
catcher”s mitt, which, in bringing the ball to rest, recoils 
backward 11.0 cm. What was the average force applied by 
the ball on the glove? 

(II) How much tension must a cable withstand ïf it is used 
to accelerate a 1200-kg car vertically upward at 0.70 m/s”? 


qI) A 20.0-kg box rests on a table. (z) What is the weight 
of the box and the normal force acting on it? (b) A 10.0-kg 
box 1s placed on top of the 20.0-kg box, as shown In 
Fig.4-43. Determine the normal force that the table exerfs 
on the 20.0-kg box and the normal force that the 20.0-kg 
box exerts on the 10.0-kg box. 


FIGURE 4-43 
Problem 11. 


12. 


13. 


14. 


15. 


16. 


17. 


` 


18. 


19. 


I) A 14.0-kg bucket ¡s lowered vertically by a rope in 
which there 1s 163 Ñ of tension at a given Iinstant. What 1s 
the acceleration of the bucket? Is ¡it up or down? 


(4) A 75-kg petty thief wants to escape from a third-story jail 
window. Unfortunately, a makeshift rope made of sheets tied 
together can support a mass of only 5§ kg. How mieght the 
thief use this “rope” to escape? Give a quanfitative ansWer. 


(I) An elevator (mass 4850 kg) is to be designed so that 
the maximum acceleration 1s 0.0680g. What are the maxi- 
mum and minimum forces the motor should exert on the 
supporting cable? 


(ID Can cars “stop on a dime”? Calculate the acceleration 
of a 1400-kg car If it can stop from 35 km/h on a dime 
(diameter = 1.7cm). How many g is this? What 1s the 
force felt by the 68-kg occupant of the car? 


(H) A woman stands on a bathroom scale in a motionless 
elevator. When the elevator begins to move, the scale briefly 
reads only 0.75 of her regular weight. Calculate the acceler- 
ation of the elevator, and find the đirection of acceleration. 


(H) (a) What is the acceleration of two falling sky divers 
(totalmass = 132 kg including parachute) when the upward 
force Of alr resistance 1s equal to one-fourth of their weight? 
(5) After opening the parachute, the divers descend 
leisurely to the ground at constant speed. What now 1s the 
force Of air resistance on the sky divers and their parachute? 
See Hg. 4-44. 


FIGURE 4-44 
Problem 17. 


(I) The cable supporting a 2125-kg elevator has a maximum 
strength of 21,750 N. What maximum upward acceleration 
can 1t give the elevator without breaking? 


(HI A person jumps from the roof of a house 2.8 m high. 
When he strikes the ground below, he bends his knees so 
that his torso decelerates over an approximate distance of 
0.70 m. If the mass of his torso (excluding legs) is 42 kg, 
find (2) his velocity just before his feet strike the ground, 
and (?) the average force exerted on his torso by his legs 
during deceleration. 
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Problems 


4-7 Newton“s Laws and Vectors [Ignore friction.] 


20. 


21. 


22. 


23. 


24. 


(DA box weiphing 77.0N rests on 
a table. A rope tied to the box runs 
vertically upward over a pulley and 
a weipht Is hung from the other 
end (Fig. 4-45). Determine the 
force that the table exerts on 
the box If the weipht hanging 
on the other side of the pulley 
weighs (z) 30.0N, (5) 60.0N, and 
(c) 90.0N. 


FIGURE 4-45 
Problem 20. 


(D Draw the free-body 
diagram for a basketball 
player (z) Just before leav- 
ng the øround on a Jjump, 
and (5) while in the air. 
See Hig. 4-46. 


FIGURE 4-46 
Problem 21. 


(D Sketch the free-body diapram of a baseball (z) at the 
moment it is hit by the bat, and again () after it has left 
the bat and 1s flying toward the outfield. Ignore aIr resistance. 
(H) Arlene 1s to walk across a “high wire” strung hor1zontally 
between two buildings 10.0m apart. The sag In the rope 
when she 1s at the midpoint is 10.0”, as shown In Flg. 4-47. 
TỶ her mass 1s 50.0 kg, what 1s the tension In the rope at this 
point? 
hì 


10.0° 


FIGURE 4-47 Problem 23. 


(IU A window washer pulls herself upward 
using the bucket—-pulley apparatus shown in 
Eig. 4-48. (z) How hard must she pull down- 
ward to raise herself slowly at constant 
speed? (0) If she increases this force by 15%, 
what wIll her acceleration be? The mass of 
the person plus the bucket 1s 72 kg. 


FIGURE 4-48 | 
Problem 24. 


25. 


(TT One 3.2-kg paint bucket is hanging by a massless cord 
from another 3.2-kø paint bucket, also hanging by a mass- 
less cord, as shown in Fig. 4-49. (z) If the 
buckets are at rest, what is the tension In 
each cord? (0) If the two buckets are pulled 
upward with an acceleration of 1.25 m/s” by 
the upper cord, calculate the tension In each 
cord. 


FIGURE 4-49 
Problem 25. 


(IH) Two snowcats in Antarctica are towing a housing unit 
north, as shown 1n Fig. 4-50. The sum of the forces 
F¿ and Ep exerted 
on the unit by the 


horizontal  cables 
1s north, parallel 
to the line L, 


and #ƑA = 4500N. 
Determine g and 
the magnitude of 
FA+Eạ. 


FIGURE 4-50 
Problem 26. 


Top view 


. 1A train locomotive is pulling two cars of the same mass 


behind it, Fig. 4-51. Determine the ratio of the tension In 
the coupling (think of it as a cord) between the locomotive 
and the first car (Em). to that between the first car and the 
Second car (Em). for any nonzero acceleration of the train. 


Car 2 


Fị› Car I Ểm 


28. 
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FIGURE 4-51 Problem 27. 


(II) The two forces E¡ and E; shown in Fig. 4-52a and b 
(looking down) act on an 18.5-kg object on a frictionless 
tabletop. If #¡ = 102N and #2 = 16.0N, fnd the net 
force on the object and ifs acceleration for (a) and (b). 


M 


F; 
(a) 
FIGURE 4-52 Problem 28. 


(b) 


29. (II) At the instant a race began, a 65-kø sprinter exerted a 


30. 


3 


` 


32. 


33 


34 


FIGURE 4-54 
Problem 34. 


force of 720N on the starting block at a 22° angle with 
respect to the ground. (2z) What was the horizontal acceler- 
ation of the sprinter? (5) If the force was exerted for 0.32 s, 
with what speed did the sprinter leave the starting block? 


(I) A 27-kg chandelier hangs from a ceiling on a vertical 
4.0-m-long wire. (2) What hor1zontal force would be neces- 
sary to displace is position 0.15 m to one side? (b) What 
wIll be the tension In the wire? 


(HT) An object ¡is hanging by a string from your rearview 
mirror. While you are decelerating at a constant rate from 
25 m/s to rest in 6.0 s, (2) what angle does the string make 
with the vertical, and (ð) is it toward the windshield or 
away from 1t? [Hữr: See Example 4—15.] 


(H) Figure 4-53 shows a block (mass #A) on a smooth hori- 
zontal surface, connected by a thin cord that passes Oover 
a pulley to a second block (zp), which hangs vertically. 
(2) Draw a free-body diagram for each block, showing the 
force of gravity on each, the force (tension) exerted by the 
cord, and any normal force. (b) Apply Newton”s second law 
to find formulas for the acceleration of the system and for 
the tension In the cord. Ignore friction and the masses of 
the pulley and cord. 


FIGURE 4-53 
Problems 32 and 33. 
Mass ma resfs on a 
smooth horizontal 
surface; 7p hangs 
vertically. 


(T) (2) If zmụẠ = 13.0kg and 7p = 5.0kg ïn Fig. 4-53, 
determine the acceleration of each block. () If initially 
mA 1S at rest 1.250 m from the edge of the table, how long 
does 1t take to reach the edge of the table 1f the system 1s 
allowed to move freely? (c) If zmpg = 1.0kg, how large 
must mA be If the acceleration of the system 1s to be kept 
at Tạg£@2 


(HI) Three blocks on a frictionless horizontal surface are 
in contact with each other as shown in Fïig. 4-54. A force E 
1s applied to block A (mass zmA). (2) Draw a free-body dia- 
gram for each block. Determine (0) the acceleration of the 
system (ïn terms oŸ #A., #p, and zc), (c) the net force on 
each block, and (2đ) the force of contact that each block 
exerts on 1{s neiphbor. (e) lÝzwA_= 7p = mẹ = 10.0 kg and 
Ƒ = 960N, give numerical answers to (P), (c), and (đ). 
Explain how your answers make sense Intuitively. 


35. 


(HT) Suppose the pulley in 
Fig. 4-55 Is suspended by C 


a cord CC. Determine the ® 
ỗ 


tenslon in this cord after 
the masses are released 
and before one hits the 
ground. Ignore the mass 
of the pulley and cords. 


1⁄2 kg 


3.2 kg 


FIGURE 4-55 
Problem 35. 


4-8 Newton“”s Laws with Friction, Inclines 


36. 


` 


38. 


39. 


40. 


4I. 


42. 


43. 


44 


45. 


46. 


(I If the coefficient of kinetic friction between a 22-kg 
crate and the floor 1s 0.30, what horizontal force 1s required 
to move the crate at a steady speed across the floor? What 
horizontal force 1s required I uy 1s Zero? 

(DA force of 35.0 N is required to start a 6.0-kg box moving 
across a horizontal concrete floor. (a) What is the coefficient 
Of static friction between the box and the floor? (ð) If the 
35.0-N force continues, the box accelerates at 0.60 m/ SẼ, 
'What is the coefficient of kinetic friction? 

(D Suppose you are standing on a train accelerating at 
0.20. What minimum coefficlent of static friction must 
exIst between your feet and the floor 1Ÿ you are not to slide? 
(II) The coefficlent of static friction between hard rubber 
and normal street pavement 1s about 0.90. On how steep 
a hill (maximum angle) can you leave a car parked? 

(HI) A flatbed truck ïs carrying a heavy crate. The coeffi- 
cient of static friction between the crate and the bed of 
the truck 1s 0.75. What is the maximum rate at which the 
driver can decelerate and still avoid having the crate slide 
against the cab of the truck? 

(HI) A 2.0-kg silverware drawer does not slide readily. The 
owner gradually pulls with more and more force, and when 
the applied force reaches 9.0 N, the drawer suddenly opens, 
throwing all the utensils to the floor. What 1s the coefficient 
Of static friction between the drawer and the cabinet? 

(H) A box is given a push so that it slides across the floor. 
How far will it go, gIven that the coefficient of kinetic fric- 
tion is 0.15 and the push imparts an initial speed of 3.5 m/s? 
(HI) A 1280-kg car pulls a 350-kg trailer. The car exerts a 
horizontal force of 3.6 < 10ÌN against the ground ¡in order 
to accelerate. What force does the car exert on the trailer? 
Assume an effective friction coefficient of0.15 for the trailer. 
(I) Police investigators, examining the scene of an accident 
1nvolving two cars, measure 72-m-long skid marks of one 
of the cars, which nearly came to a stop before colliding. 
The coefficient of kinetic friction between rubber and the 
pavement is about 0.80. Estimate the initial speed of that 
car assuming a level road. 

(H) Drag-race tires In contact with an asphalt surface 
have a very high coefficient of static friction. Assuming a 
constant acceleration and no slipping of tires, estimate 
the coefficient of static friction needed for a drag racer to 
cover 1.0 km in 12 s, starting from rest. 

(IH) FEor the system of Fig. 4-32 (Example 4-20), how large 
a mass would box A have to have to prevent any motion 
from occurring? Assume /„ = 0.30. 
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Problems 


47. (II) In Eig. 4-56 the coefficient of static friction between 
mass #a and the table is 0.40, whereas the coefficlent of 
move? (b) What value(s) 


kinetic fricton is 0.20. 
(a) What minimum value 
of m2 will keep the == 
system from sfarting to 

Of mm WIll keep the system 

moving at constant speed? 
[Ignore masses of the cord and the 
(frictionless) pulley.] 


.0 kg 


FIGURE 4-56 
Problem 47. 


è 


(I) A small box ¡is held in place against a rough vertical 
wall by someone pushing on 1t with a force directed upward 
at 28° above the horizontal. The coefficlents of static and 
kinetic friction between the box and wall are 0.40 and 
0.30, respectively. The box slides down unless the applied 
force has magnitude 23 N. What 1s the mass of the box? 


49, 


h 


(H) Two crates, of mass 65 kg and 125 kg, are in confact and 
at rest on a hor1zontal surface (Fig. 4-57). A 650-N force 
1s exerted on the 65-kg crate. If the coefficilent of kinetic 
friction ¡s 0.18, calculate (z) the acceleration of the sys- 
tem, and (?) the force that each crate exerts on the other. 
(c) Repeat with the crates reversed. 


650N 
— 


FIGURE 4—57 
Problem 49. 


50. (II) A person pushes a 14.0-kg lawn mower at constanf 
speed with a force of Ƒ = 88§.0N directed along the handle, 
which is at an angle of 45.0° to the horizontal (Eig. 4-58). 
(a) Draw the free-body diagram showing all forces acting 
on the mower. Calculate (b) the horizontal friction force 
on the mower, then (c) the normal force exerted vertically 
upward on the mower by the ground. (đ) What force 
must the person exert on the lawn mower to accelerate It 
from rest to 1.5m/s ¡in 2.5 seconds, assuming the same 
Íriction force? 


FIGURE 4-58 
Problem 50. 


5í. (II) A child on a sled reaches the bottom of a hill with a 
velocity of 10.0 m/s and travels 25.0 m along a horizontal 
straightaway to a stop. If the child and sled together have 
a mass of 60.0 kg, what 1s the average retarding force on 
the sled on the horizontal straiphtaway? 

52. (II) (4a) A box sits at rest on a rough 33” ¡inclined plane. 
TDraw the free-body diagram, showing all the forces acting 
on the box. (b) How would the diagram change 1Ý the box 
were sliding down the plane? (c) How would it change If 
the box were sliding up the plane after an Initial shove? 


53. (II) A wet bar of soap slides down a ramp 9.0m long 
Inclined at 8.0”. How long does It take to reach the bottom? 
Assume ¿ = 0.060. 

(ID A skateboarder, with an initial speed of 2.0 m/s, rolls 
virtually friction free down a straight incline of length 18 m 
1n 3.3 s. At what angle Ø is the incline oriented above the 
horizontal? 

55. (II) Uphill escape ramps are sometimes provided to the side 
of steep downhill highways for trucks with overheated brakes. 
For a simple 11” upward ramp, what minimum length would 
be needed for a runaway truck traveling 140 km/h? Note 
the large size of your calculated length. (If sand ¡s used for 
the bed of the ramp, 1s length can be reduced by a factor 
Of about 2.) 

I) A 25.0-kg box is released on a 27° incline and accel- 
erates down the incline at 0.30 m/s“. Find the friction force 
1impeding 1ts motion. What is the coefficilent of kinetic 


=4 


56 


friction? 
57. (II) The block shown ¡in Eig. 4-59 has mass z = 7.0 kg 
y and lies on a fixed smooth frictionless plane 


tilted at an angle 0Ø = 22.07 to the hori- 
zontal. (2) Determine the acceleration 
of the block as it slides down the plane. 
(5) If the block starts from rest 12.0 m 
up the plane from Its base, what 
wIll be the block?s speed when 
1t reaches the bottom of 
the Incline? 


FIGURE 4-59 Block on inclined plane. 
Problems 57 and 58. 


58. (II) A block is given an initial speed of 4.5 m/s up the 22.0° 
plane shown in Eig. 4-59. (z) How far up the plane wIll it 
go? (b) How much time elapses before It returns to 1s 
starting poin(t? Ignore friction. 

(II) The crate shown ïn Fig. 4-60 lies on a plane tilted at an 
y angle Ø = 25.07 to the horizontal, with 
x = 0.19. () Determine the acceleration 
of the crate as 1t slides down the plane. 
(b) If the crate starts from rest 8.15 m up 
along the plane from 1ts base, what will 
be the crafe”s speed when it reaches 

the bottom of the incline? 


59 


FIGURE 4-60 
Crate on inclined plane. 
Problems 59 and 60. 


(II) A crate is given an initial speed of 3.0 m/s up the 25.0° 
plane shown in Eig. 4—60. (z) How far up the plane wIll ¡it 
go? (b) How much time elapses before It returns to 1s 
starting poin(? Assume y = 0.12. 

61. (II) A car can decelerate at —3.80 m/s” without skidding 
when coming to rest on a level road. What would 1s decel- 
eration be 1f the road 1s Inclined at 9.3° and the car moves 
uphill? Assume the same sfatic friction coefficient. 

(TA skier moves down a 127 slope at constant speed. What 
can you say about the coefficient of friction, „? Assume the 
speed is low enough that air resistance can be ignored. 
63. (II) The coefficient of kinetic friction for a 22-kg bobsled 
on a track is 0.10. What force 1s required to push it down 
along a 6.0° incline and achieve a speed of 60 km/ñh at the 
end of75 m? 


60 


62 
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64. (II) On an Icy day, you worry about parking your car in 


your driveway, which has an incline of 12°. Your neighbor”s 
driveway has an incline of 9.0”, and the driveway across 
the street 1s at 6.0”. The coefficlent of static Íriclion 
between tire rubber and ice is 0.15. Which driveway(s) 
wIll be safe to park In? 

(IH) Two masses 7A = 2.0kg and 7p = 5.0kg are on 
1nclines and are connected together by a string as shown in 
Fig. 4-61. The coefficient of kinetic friction between each 
mass and ifs incline Is y = 0.30. IfzzA moves up, and 7p 
moves down, determine their acceleration. [Ignore masses 
of the (frictionless) pulley and the cord.] 


FIGURE 4-61 Problem 65. 


66. (HI) A child slides down a slide with a 34? incline, and at 


the bottom her speed 1s precisely half what it would have 
been 1ƒ the slide had been frictionless. Calculate the coef- 
ficient of kinetic friction between the slide and the chĩld. 


„ (H]) (z) Suppose the coefficient of kinetic friction between 


mạ and the plane In Flig. 4-62 1s „ = 0.15, and that 
HA = mp = 27kg. As mp moves down, determine the 
magnitude of the acceleratlon ofzA and p, gIven 0 = 347. 
(b) What smallest value of „ will keep the system from 
accelerating? [Ignore masses of the (frictionless) pulley and 
the cord.] 


FIGURE 4-62 lạ) 
Problem 67. 


| General Problems 


68. A 2.0-kg purse 1s dropped from the top of the Lean- 


1ng Tower of PIsa and falls 5Š m before reaching the øround 
with a speed of 27 m/s. What was the average force of air 
resistance? 


69. A crane”s trolley at point P in Hig. 4-63 moves for a few 


seconds to the ripht with constant acceleration, and the 
870-kg load hangs on a light cable at a 5.0” angle to the 
vertical as shown. What 1s the acceleration of the trolley 
and load? 


FIGURE 4-63 
Problem 69. 


70. A 75.0-kg person stands on a scale in an elevator. What 


does the scale read (in N and in kg) when (2) the elevator 
1s at rest, (b) the elevator 1s climbing at a constant speed 
of 3.0 m/s, (c) the elevator is descending at 3.0 m/s, (đ) the 
elevator is accelerating upward at 3.0 m/sˆ, (e) the elevator 
is accelerating downward at 3.0 m/s”? 

A city planner 1s working on the redesign of a hilly portion 
Of a city. An important consideration 1s how steep the 
roads can be so that even low-powered cars can get up the 
hils without slowing down. AÁ particular small car, with a 
mass of 920 kg, can accelerate on a level road from rest to 
21 m/s (75 km/h) in 12.5 s. Using these data, calculate the 
maximum sfteepness of a hill. 

If a bicyclist of mass 65 kg (including the bicycle) can coast 
down a 6.5° hill at a steady speed of 6.0 km/h because of 
alr resistance, how much force must be applied to climb 
the hill at the same speed (and the same air resistance)? 


73. Francesca dangles her watch from a thin piece of string 


while the Jetliner she 1s in accelerates for takeoff, which 
takes about 16 s. Estimate the takeoff speed of the aircraft 
1ƒ the string makes an angle of 25” with 
respect to the vertical, Flg. 4—64. 


FIGURE 4-64 
Problem 73. 


Bob traverses a chasm by stringing a rope between a tree 
on one side of the chasm and a tree on the opposite side, 
25m away, Elg. 4-65. Assume the rope can provide a 
tension force of up to 29 kN before breaking, and use a 
“safety factor” of 10 (that 1s, the rope should only be 
required to undergo a tension force of 2.9 kN). (2) If Bob's 
mass 1s 72.0 kg, determine the distance x that the rope 
must sag at a point halfway across 1Ÿ it Is to be within 1ts 
recommended safety range. (b) If the rope sags by only one- 
fourth the distance found ¡n (ø), determine the tension 
force in the rope. WIII the rope break? 


FIGURE 4-65 Problem 74. 


General Problems TŨB5 


76. (a) What minimum force # ¡is needed 


75. Piles of snow on sÏlippery roofs can become dangerous pro- 


Jectiles as they melt. Consider a chunk of snow at the ridge 
of a roof with a slope of 34°. (a) What 1s the minimum 
value of the coefficient of static friction that will keep the 
snow from sliding down? (5) As the snow begins to melt, 
the coefficlent of static friction decreases and the snow 
finally slips. Assuming that the distance from the chunk to 
the edge of the roof 1s 4.0 m and the coefficient of kinetic 
Íriction is 0.10, calculate the speed of the snow chunk when 1t 
slides off the roof. (c) If the roof edge is 10.0 m above ground, 
estimate the speed of the snow when 1t hits the ground. 


to lIÍt the piano (mass Ä⁄) using the 
pulley apparatus shown in Fig. 4-66? 
(5) Determine the tension in each 
section oÝ rope: #, ra, #s, and ra. 
Assume pulleys are massles and 
frictionless, and that ropes are massÌless. 


FIGURE 4-66 
Problem 76. 


77. In the design ofa supermarket, there are to be several ramps 


connecfing different parts of the store. Customers wIll have 
to push ørocery carts up the ramps and it is desirable that 
this not be too difficult. The engineer has done a survey and 
found that almost no one complains 1ƒ the force required 
1s no more than 18N. Ignoring friction, at what maximum 
angle Ø should the ramps be buIlt, assuming a full 25-kg cart? 


78. A jet aircraft is accelerating at 3.8 m/s” as it climbs at an 


angle of 18° above the horizontal (Fig. 4-67). What 1s the 
total force that the cockpit seat exerts on the 75-kg pilot? 


FIGURE 4—67 
Problem 78. 


79. A 7180-kg helicopter accelerates upward at 0.80 m/s” while 


lung a 1080-kg frame at a construction site, Elg. 4-68. 
(a) What ¡is the lift force 
exerted by the air on 
the helicopter rotors? 
(b) What is the tension 
in the cable (ipgnore 1s 
mass) which connects the 
frame to the helicopter? 
(c) What force does the 
cable exer( on the 
helicopter? 


FIGURE 4-68 
Problem 79. 
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80. An elevator In a tall building 1s allowed to reach a maxi- 


mum speed of 3.5 m/s going down. What must the tension 
be In the cable to stop this elevator over a distance of 
2.6m I the elevator has a mass of 1450 kg Including 
Occupanfts? 


Si. A fisherman in a boat 1s using a “10-]b test” fishing line. 


This means that the line can exert a force of 45 without 
breaking (1lb = 4.45N). (2) How heavy a fish can the 
fisherman land 1f he pulls the fish up vertically at constant 
speed? (b) If he accelerates the fish upward at 2.0 m/s”, 
what maximum weipht fish can he land? (c) Is it possible 
to land a 15-lb trout on 10-Ib test line? Why or why not? 


82. A “doomsday” asteroid with a mass of 1.0 x 10!kg is 


hurtling through space. Ủnless the asteroid”s speed 1s 
changed by about 0.20 em/s, it will collide with Earth and 
cause tremendous damage. Researchers suggest that a 
small “space tug” sent to the asteroid”s surface could exert 
a gentle constant force of 2.5N. For how long must this 
force act? 


83. Three mountain climbers who are roped together In a line 


are ascending an Icefield inclined at 31.0” to the hor1zontal 
(Hg. 4-69). The last clmber slips, pulling the second 
climber off his feet. The first climber is able to hold them 
both. If each climber has a mass of 75 kg, calculate the ten- 
sion In each of the two sections of rope between the three 
climbers. Ignore friction between the ice and the fallen 
climbers. 


FIGURE 4-69 Problem 8§3. 


84. As shown in Fig. 4-70, five balls (masses 2.00, 2.05, 2.10, 


2.15, 2.20 kg) hang from a crossbar. Each mass is sup- 
ported by “Š-lb test” fishing line which will break when 
1{s tension force exceeds 22.2N (= 5.001b). When this 
device 1s placed in an elevator, which accelerates upward, 
only the lines attached to the 2.05 and 2.00 kg masses do 
not break. Within what range 1s the elevator”s acceleration? 


FIGURE 4-70 
Problem 84. 


85. Two rock climbers, Jim and Karen, use safety ropes OŸ simi- 


lar length. Karen”s rope 1s more elastic, called a dynamic 
rope by climbers. Jim has a s/đfc rope, not recommended 
for safety purposes in pro climbing. (2z) Karen (Eig. 4-71) 
falls freely about 2.0 m and then the rope stops her over a 
distance of 1.0m. Estimate how large a force (assume 
constant) she will feel from the rope. (Express the result 
1n multiples of her weight.) (b) In a similar fall, Jim”s rope 
stretches by only 30 cm. How many times his weight wIll 
the rope pull on him? Which climber is more likely to 
be hurt? 


FIGURE 4-71 
Problem 85. 


§&6. A coffee cup on the horizontal dashboard of a car slides 


forward when the driver decelerates from 45 km/h to rest 
1n 3.5 s or less, but not 1Ÿ she decelerates in a longer time. 
What 1s the coefficient of static fricion between the cup 
and the dash? Assume the road and the dashboard are 
level (horizontal). 

A roller coaster reaches the top of the steepest hill with a 
speed of 6.0 km/h. It then descends the hill, which ¡is at an 
averaøe angle of 45 and 1s 45.0 m long. What wIll is speed 
be when 1t reaches the bottom? Assume „„ = 0.12. 

A motorcyclist is coasting with the engine off at a steady 
speed of 20.0m/s but enters a sandy stretch where the 
coefficient of kinetic friction is 0.70. WIII the cyclist emerge 
from the sandy stretch without having to start the engine 1f 
the sand lasts for 15 m? TỶ so, what wIll be the speed upon 
emerging? 

The 70.0-kg climber In Fig. 4-72 1s supported In the 
“chimney” by the friction forces exerted on his shoes and 
back. The static coefficients of friction between his shoes 
and the wall, and between his 
back and the wall, are 0.80 and 
0.60, respectively. What is the 
minimum normal force he must 
exert? Assume the walls are ver- 
tical and that the static friction 
forces are both at their maxImum. 
lgnore his ørip on the rope. 


FIGURE 4-72 
Problem 89. 


90. A 28.0-kg block 1s connected to an empty 2.00-kg bucket 


by a cord running over a frictionless pulley (Fig. 4-73). 
The coefficlent of static fricion between the table and 
the block is 0.45 and the coefficlent of kinetic friction 
between the table and the block 1s 0.32. Sand 1s gradually 
added to the bucket until the system Just begins to move. 
(4) Calculate the mass of sand added to the bucket. 
(b) Calculate the acceleration of the system. Ignore mass 


of cord. 280 kg 


FIGURE 4-73 
Problem 90. 


A 72-kg water skler is being accelerated by a ski boat on 
a flat (“glassy”) lake. The coefficlent of kinetic friction 
between the skier”s skis and the wafer surface 1s „„ = 0.25 
(Eig. 4-74). (a) What ¡s the skier”s acceleration 1f the rope 
pulling the skier behind the boat applies a horizontal ten- 
sion force of magnitude #r = 240N to the skier (0 = 0°)? 
(b) What is the skiers horizontal acceleration 1Ÿ the rope 
pulling the skier exerts a force of Fr = 240N on the 
skier at an upward angle Ø = 12”? (c) Explain why the 
skier's acceleration in part (b) is greater than that in 
part (4). 


t = 240N 
=> ___10_ | — ' 
c=====—— 
° “4 m —====“ —— = 
ky — 0.25 = 


FIGURE 4-74 Problem 091. 


A 75-kg snowboarder has an initial velocity of 5.0m/s 
at the top of a 28° incline (Hig. 4-75). After sliding down 
the 110-m-long incline (on which the coefficient of kinetic 
friction is „ = 0.18), the snowboarder has attained a 
velocity ø. The snowboarder then slides along a flat surface 
(on which „„ = 0.15) and comes to rest after a distance +. 
Use Newton”s second law to find the snowboarder”s accel- 
eration while on the incline and while on the flat surface. 
Then use these acceleratlons to determine x. 


FIGURE 4-75 Problem 92. 


General Problems T07 


93, (z) If the horizontal acceleration produced briefly by an 


94 


earthquake 1s đa, and 1f an obJect is going to “hold 1ts place” 
on the ground, show that the coefficlent of static friction 
with the ground must be at least y = đ/g. (b) The famous 
Loma Prieta earthquake that stopped the 1989 World 
Series produced ground accelerations of up to 4.0 m/sẼ in 
the San Francisco Bay Area. Would a chair have started 
to slide on a floor with coefficient of static friction 0.252 
Two blocks made of different materials, connected by a thin 
cord, slide down a plane ramp inclined at an angle Ø to the 
horizontal, Fig.4—76 (block B is above block A). The masses 
of the blocks are ra and sp, and the coefficients of Íric- 
tion are A and g. lÝ zmA = 1p = 5.0 kg, and 

A = 0.20 and g = 0.30, determine 
(4) the acceleration of the blocks and 
(b) the tension in the cord, for an 
angle Ø0 = 32”. 


FIGURE 4-76 
Problem 94. 


1. (a) Finding her car stuck in the mud, a bripht praduate of a 


good physics course ties a strong rope to the back bumper 
of the car, and the other end to a boulder, as shown In 
Eig. 4-78a. She pushes at the midpoint of the rope with 
her maximum effort, which she estimates to be a force 
tp x 300N. The car Just begins to budge with the rope at 
an angle 0, which she estimates to be 5”. With what force 
1s the rope pulling on the car? Neglect the mass of the rope. 
(b) What is the “mechanical advantage” of this technique 
[Section 4-7]? (c) At what angle Ø would this technique 
become counfterproductive? [Hinr: Consider the forces on 
a small segment of rope where Ep acts, Fig. 4—78b.] 


(bì - Pầp FRc 

FIGURE 4-78 (a) Getting a car out of the mud, 
showing the forces on the boulder, on the car, 
and exerted by the person. (b) The free-body 
điagpram: forces on a small segment oÝ rope. 


ANSWERS TO EXERCISES 


A: No force is needed. The car accelerates out from under the 


cup, which tends to remain at rest. Think of Newton's first 
law (see Example 4-1). 


B: (2). 
C: (¡) The same; (1ï) the tennis ball; (11) Newton”s third law 


for part (ï), second law for part (11). 


95, 


96, 


97. 


2. 


D: 
E: 
EF: 
G: 
H: 


108 CHAPTER4_ Dynamics: Newton's Laws of Motion 


A car starts rolling down a T1-in-4 hill (1-in-4 means that 
for each 4 m traveled along the sloping road, the elevation 
change 1s Im). How fast is 1t going when 1t reaches the 
bottom after traveline 5Š m? (2) Ignore friction. (b) Assume 
an effective coefficient of friction equal to 0.10. 

A 65-kg Ice skater coasts with no effort for 75 m until she 
stops. If the coefficilent of kinetic friction between her 
skates and the Ice is „ = 0.10, how fast was she moving 
at the start of her coast? 

An 18-kg child is riding in a 
child-restraint chaïr, securely 
fastened to the seat of a car 
(EFig. 4-77). Assume the car 
has speed 45 km/h when it hits 
a tree and 1s brought to rest 
in 0.20s. Assuming constant 
deceleration during the colli- 
sion, estimate the net hor1zontal 
force # that the straps of the 
restraint chair exert on the child 
to hold her in the chair. 


FIGURE 4-77 
Problem 97. 


[ Search and Learn 


(2) Show that the minimum stopping distance for an automo- 
bile traveling on a level road at speed ø is equal to 0ˆ/(2 „¿ 8), 
where /s Is the coefficient of static friction between the tires 
and the road, and ø ïs the acceleration of gravity. (b) What 
is this distance for a 1200-kg car travelineg 95 km/h If 
s = 0.65? (c) What would it be 1f the car were on the 
Moon (the acceleration of gravity on the Moon 1s about 
8/6) but all else stayed the same? 


In the equation for sfatic friction in Section 4-8, what 1s 
the sipnificance of the < sign? When should you use the 
equals sign in the static friction equation? 


- Referring to Example 4-21, show that 1f a skler moves at 


consfant speed straight down a slope of angple 0, then the 
coefficilent of kinetic friction between skis and snow 1s 
„y — tan. 


(b). 
(b). 
(b). 
(c). 


Yes; no. 


The astronauts In the upper left of 
this photo are working on a space 
shuttle. As they orbit the Earth——at 
a rather high speed——they experience 
apparent weiphtlessness. The Moon, 
1n the background seen against the 
blackness of space, also 1s orbiting 
the Earth at hipgh speed. Both the 
Moon and the space shuttle move 
1n nearly circular orbits, and 

each undergoes a centripetal 
acceleration. What keeps the Moon 
and the space shuttle (and is 
astronauts) from moving off in a 
straipht line away from Earth? It1s 
the force of øravity. Newton”s law of 
universal øravitation states that all 
objJectfs attract all other objects with 
a force that depends on their masses 
and the square of the distance 
between them. 


Circular Motion; 
GravIfatlon 


CHAPTER-OPENING QUESTIONS——-Guess now! (4) x(b) CONTENTS 

1. You revolve a ball around you mm a hori- Bì ni, „. (c) 8s. Ekiemáttce 8Enlfuda 

zontal circle at constant speed on a string, l Qquữn:. HN "# Circular Motion 

as shown here from above. Which path wIll F số vn : 5~2_ Dynamics of Uniform 

the ball follow if you let go of the string “ () XS te) Circular Motion 

when the ball is at point P2 tú ` 5—=3_ Hiphway Curves: Banked and 
ỉ @ Unbanked 


2. A space station revolves around the Earth 
as a satellite, 100 km above Earth”s surface. 
'What is the net force on an astronaut at rest 


*5—-4_ Nonuniform Circular Motion 
5-5 Newton”s Law of Universal 


` HN Gravitation 

1nside the space statlon? : j gi 1 avuyjNenfhie 
(a) Equal to her weight on Earth. Ñ l¿ Earth's Surface 
(b) A little less than her weight on Earth. ` z 5~7_ Satellites and “Weightlessness” 
(c) Less than half her weight on Earth. ` x⁄ 5-8 Planets, Keplers Laws, and 
(đ) Zero (she is weiphtless). B—‹ Newton”s Synthesis 
(e) Somewhat larger than her weight on Earth. 5~9_ Moon Rises an Hour Later 

Each Day 


: : : cổ : : : 5~10_ Types of Forces In Nature 
n object moves In a straight line 1f the net force on 1t acts along the direction “ 


of motion, or the net force 1s zero. If the net force acfs at an angle to the 

direction of motion at any moment, then the obJect moves In a curved path. 
An example of the latter 1s projectile motion, which we discussed in Chapter 3. 
Another important case 1s that of an object moving 1n a circle, such as a ball at the 
end of a string being swung in a circle above one”s head, or the nearly circular 
motion of the Moon about the Earth. 
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FIGURE 5-1 A small object 
moving In a circle, showing how 


the velocity changes. At each point, 


the instantaneous velocity 1s In a 
direction tangent to the circular 


path. 


FIGURE 5-2 Determining the 


change In velocity, AV, for a particle 
moving ¡in a circle. The length A#ïs 


the đistance along the arc, from 


AtoB. 


bài .__ Aýÿ 
a=lim—— 
A0 Af 


(c) 


In this Chapter, we study the circular motion of obJects, and how Newton”s 
laws of motion apply. We also discuss how Newton conceived of another great law 
by applying the concepts of circular motion to the motion of the Moon and the 
planetfs. This 1s the law of universal gravitation, which was the capstone of NÑewton”s 
analysis of the physical world. 


5—1 Kinematics of 
Uniform Circular Motion 


An object that moves 1n a circle at constant speed %œ 1s said to experlence 
uniform circular mofion. The zmagrifu+de of the velocity remains consfant in this 
case, but the đirecfon oŸ the velocity continuously changes as the object moves 
around the circle (Eig. 5—1). Because acceleration is defined as the rate of change 
Of velocity, a change 1n direction of velocity 1s an acceleration, Just as a change in 
1{s magmitude 1s. Thus, an obJect revolving 1n a circle 1s continuously accelerating, 
even when the speed remains constant (ø¡ = 0; = œ in Fig.5—1). We now Investi- 
gate this acceleration quantitatively. 

Acceleration 1s defined as 

= Ỷ "¬ Vị Av 

Aa = = , 

Af Af 

where AYV 1s the change in velocity during the short time Interval A/. We will 
eventually consider the situation in which Aƒ approaches zero and thus obtain 
the Instantaneous acceleration. But for purposes of making a clear drawing, 
Hig. 5-2, we consider a nonzero time 1nterval. During the time 1nterval Aí, the 
particle in Fig. 5-2a moves from point A to point B, covering a distance Af 
dlong the arc which subtends an angle A0. The change In the velocity vector 1s 
Ÿ; — Vị = AY, and ïs shown in Fig. 5-2b (note that Ý; = Ÿ¡ + Aÿ). 

Now we let Af be very small, approaching zero. Then A£ and A2 are also 
very small, and 9; wIll be almost parallel to Ý¡, Fig. 5-2c; AY wiIll be essentially 
perpendicular to them. Thus AY points toward the center of the circle. Since ä, 
by definition, 1s in the same direction as Aÿ (equation above), It too must point 
toward the center of the circle. Therefore, this acceleration 1s called centripetal 
accelerafion (“center-pointing” acceleration) or radial accelerafion (since 1t 1s 
đirected along the radius, toward the center of the circle), and we denote it by ẩạ,. 

Now that we have determined the direction, next we find the magnitude of the 
radial (centripetal) acceleration, øạ. Because the line CA In Fig. 5—2a 1s perpen- 
dicular to Y¡, and line CB 1s perpendicular to ÿ; , then the angle AØ between CA and 
CB 1s also the angle between VY; and Y;. Hence the vectors Y¡, Y;, and AY ím 
Hig. 5—2b form a triangle that is geometrically similarỶ to triangle ACB in Eig. 5—2a. 
If we take A9 to be very small (letting Af be very small) and set 0 = 0 = 1; 
because the magnitude of the velocity 1s assumed not to change, we can write 

Ao _ Af 
% " y- 


This is an exact equality when Af approaches zero, for then the arc leneth A# equals 
the chord length AB. We want to find the Instantaneous acceleration, so we let Af 
approach zero, write the above expression as an equality, and then solve for Â?: 


Âu = -ÁE. [A: — 0| 
To get the centripetal acceleration, øạ, we divide Ấø by Aí: 


[Art 0] 


But Af/A/ ¡s the linear speed, ø, of the object, so the radial (centripetal) 


ÏAppendix A confains a review of geometry. 
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acceleration 1s 
đR = T.' [radial (centripetal) acceleration] (5-1) 


[Equation 5—1 ¡s valid at any Instant in circular motion, and even when ? 1s nof 
consfant. | 

To summar12e, an object mouing ín a circle oƒ radius r at constant speed 0 has &® CAUTION 
an acceleration tuhose đirection ïs touuard the center oƒ the circle and tuhose magHi- — In uuiƒorn circular motion, the speed is 
tude is ag = 0 ”/r. Itis not surprising that this acceleration depends on and r.  ©0stamí, bưí (he accelerafion iS nof sero 
The greater the speed %0, the faster the velocity changes direction; and the larger the 
radius, the less rapidly the velocity changes direction. 

The acceleration vector points toward the center of the circle when ø 1s con- 
stant. But the velocity vector always poinfs 1n the direction of motion, which 1s 
tangential to the circle. Thus the velocity and acceleration vecfors are perpen- &® CAUTION 
dicular to each other at every point In the path for uniform circular motion The direction oƒ motion (V) and 
(FEig. 5-3). This is another example that illustrates the error ¡in thinking that the acceleration (ä) are notin 
acceleration and velocity are always in the same direction. For an object falling the same direction; instead, ä 1 Y 
1m a vertical path, ä and ÿ are indeed parallel. But mm uniform circular motion, ä and ÿ 


are perpendicular, not parallel (nor were they parallel in projectile motion, _ Ÿ› 
Section 3—5). Pế ä; `N 
Circular motion 1s often described 1n terms of the frequeney ý the number of tá hà 
revolutions per second. The period 7'of an obJect revolving 1n a circle 1s the time / \ 
requrred for one complete revolution. Period and frequency are related by ' : 
T : (5-2) 
E= —‹ == bộ 
SẲ b 
For example, 1ƒ an object revolves at a frequency of 3 rev/s, then each revolution bề. 
(= rev) takes 3s. An object revolving in a circle (of cireumference 2zrr) at constant Ÿ\ 
speed ? travels a distance 2zrr in one revolution which takes a time 7. Thus FIGURE 5-3 For uniform circular 
distance 21nr mofion, ä is always perpendicular to V. 
—— time 7 


Acceleration of a revolving ball. A 150-g ball at the end of 
a string 1s revolving uniformly 1n a horizontal circle of radius 0.600 m, as 
1n Eig. 5—1 or 5—3. The ball makes 2.00 revolutions 1n a second. What 1s 11s 
cenftripetal acceleration? 


APPROACH The centripetal accelerationis øp = ”/r. We are given r, and we 
can find the speed of the ball, ø, from the g1ven radius and frequency. 


SOLUTION If the ball makes 2.00 complete revolutions per second, then the 
ball travels in a complete circle 1n a time interval equal to 0.500 s, which 1s 1s 
period 7. The distance traveled In this time 1s the circumference of the cirdle, 
27rr, where r 1s the radius of the circle. Therefore, the ball has speed 

27r 27r(0.600 m) 


Đ m (0.500 s) = 7.54m/s. 


The centripetal accelerationÏ is 
DI (7.54 m/s)? 
r (0.600 m) 


đạ = 94.7m/S. 


EXERCISE A In Example 5-1, If the radius ¡is doubled to 1.20 m, but the period stays 
the same, the centripetal acceleration will change by a factor of: 
(4)2; (b) 4; (c)š: (4)3; (e) none of these. 


?Differences in the final digit can depend on whether you keep all digits in your calculator for ø 
(which gives øạ = 94.7 m/5”), or ifyou use  = 7.54m/s (which gives øạ = 94.8 m/s”). Both results 
are valid since our assumed accuracy is about + 0.1 m/s (see Section 1—4). 


SECTIONB-1 Kinematics of Uniform Circular Motion TT 


$Š*CAUTION 
Distinguish the Moon% 
grauily on objecfs at its sur[ace 
rom the Earth% grauity acting 
on the Moon (this Example) 


>x ~ 


¬——-- 


FIGURE 5-4 A force ¡s required to 
keep an obJect moving In a circle. If 
the speed 1s constant, the force 1s 
đirected toward the circle”s center. 


$*CAUTION 
Ceniripetal ƒorce iS not a net0 
kind oƒ force 
(Euery ƒorce must be exerted 
by an object) 


EXAMPLE 5-2 | Moon centripetal acceleration. The Moon”s nearly circu- 
lar orbit around the Earth has a radius of about 384.000 km and a period 7 of 
27.3 days. Determine the acceleration of the Moon toward the Earth. 
APPROACH Again we need to find the velocity 1n order to find aạ. 
SOLUTION In one orbit around the Earth, the Moon travels a distance 277, 
where z = 3.84 x 10ỶẺm ¡s the radius of its circular path. The time required 
for one complete orbit 1s the Moon”s period of 27.3 d. The speed of the Moon 
¡in its orbit about the Earth is ø= 2zmr/T. The period 7 in seconds is 
T = (27.3 d)(24.0h/d)(3600 s/h) = 2.36 x 10s. Therefore, 


?— (2n)?” 4m+r  4m(384 x 10m) 
rẻ Tờ T2 (2.36 x 10s} 
0.00272m/s?” = 2.72 x 103m/s”. 


We can write this acceleration in terms of g = 9.80m/s” (the acceleration of 
øravity at the Earth”s surface) as 


8 - 
= 272 x10 2m *( = 278 x 10! 
kẻ “S980 m/s? ° 
0.0003 g. 


là 


NOTE The centripetal acceleration of the Moon, øp = 2.78 X 10g, is no 
the acceleration of gravity for objects at the Moon”s surface due to the Moon”s 
øravity. Rather, it 1s the acceleration due to the #⁄ar(h% gravity for any oblJect 
(such as the Moon) that is 384,000 km from the Earth. Notice how small this 
acceleration 1s compared to the acceleration of obJects near the Earth”s surface. 


5-2 Dynamics of 
UuUniform Circular Motion 


According to Newton”s second law (SE = zä), an object that is accelerating 
must have a net force acting on 1t. An obJect moving 1n a circle, such as a ball on 
the end of a string, must therefore have a force applied to 1t to keep 1t moving 1n 
that circle. That 1s, a net force 1s necessary to ø1ve 1t centripetal acceleration. The 
magmitude of the required force can be calculated using Newton”s second law for 
the radial component, »ửạ = maạ, where øạ 1s the centripetal acceleration, 
aạ = 0”/r, and »; is the total (or net) force in the radial direction: 


„2 


XHạ = may = HH: [circular motion| (5-3) 


For uniform circular motion ( = constant), the acceleration is ạ, which is 
directed toward the center of the circle at all times. Thus the nef ƒorce foo musf 
be directed totuard the center oƒ the circle (EFlg. 5-4). A net force 1s necessary 
because 1ƒ no net force were exerted on the obJect, 1t would not move 1n a circle 
but m a straight line, as Newton”s first law tells us. The direction of the net force 
1S continually changing so that 1f 1s always directed toward the center of the circle. 
This force 1s sometimes called a centripetal (“pointing toward the center”) force. 
But be aware that “centripetal force” does not Indicate some new kind of force. 
The term “centripetal force” merely describes the đ/recfon of the net force needed 
to provide a circular path: the net force 1s directed toward the circle”s center. The 
force must be applied by other objecfs. For example, to swing a ball 1n a circle on 
the end of a string, you pull on the string and the string exerts the force on the 
ball. (Try it.) Here, the “centripetal force” that provides the centripetal accelera- 
tion 1s tension mn the string. In other cases it can be pravity (on the Moon, for example), 
a normail force, or even an electrIc force. 
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There 1s a common misconception that an object moving in a circle has an &® CAUTION 


outward force acting on It, a so-called centrifugal (“center-fleeing”) force. This 1s There is no real “centrifugal force” 
Incorrect: /ere is no ouftoard ƒorce on the revolving obJect. Consider, for example, _— 

a person swinging a ball on the end of a string around her head (Eig. 5—5). If you _. ..—. lo 

have ever done this yourself, you know that you feel a force pulling outward on sứ exerted by 

your hand. The misconception arises when this puÌl 1s interpreted as an outward / string 


“centrfugal” force pulling on the ball that 1s transmitted along the string to your 


JẮ : . NG: . E hand 
hand. This 1s not what 1s happening at all. To keep the ball moving 1n a circle, you (@RtEissi: trau 


exerted b 
pull /moardly on the string, and the string exerts this Inward force on the ball. The ball string P ï 
exerts an equal and opposite force on the string (Newton third law), and /h¡s \ / 
1s the outward force your hand feels (see Fig. 5—5). là ` 
The force on the balTin Elg. 5—5 1s the one exerted imuardly on 1t by you, via the NẠ . 
string. To see even more convincing evidence that a “centrifugal force” does not act "Sâu. cà 


on the ball, consider what happens when you let go of the string. Ifa centrifugalforce ƑIGURE 5-5 Swinging a ball on the 
were actfing, the ball would fly outward, as shown In Flg. 5-6a. But 1t doesnt; endofa string (looking down from 
the ball flies off tangentially (Eig. 5—6b), in the direction of the velocity it had  above). 

at the moment 1t was released, because the inward force no longer acts. Try 1t 

and see! FIGURE 5—6 If centrifugal force 


existed, the revolving ball would fly 
EXERCISE B Return to Chapter-Opening Question 1, page 109, and answer I{ aøain  outward asin (a) when released. In 
now. Try to explain why you may have answered differently the first time. fact, ¡t flies off tangentially as in (b). 
In (c) sparks fly in straight lines 
Force on revolving ball (horizontal). Estmate  tangentially from the edge of a 
the force a person must exert on a string attached to a 0.150-kg ball to make the rotatng grinding whcel. 


ball revolve In a hor1zontal cirele of radius 0.600 m. The ball makes 2.00 revo- ”” k Ỷ 
lutions per second (7' = 0.500), asin Example 5—1. Ignore the string's mass. ⁄ ` 


⁄ › ` 
APPROACH Hirst we need to draw the free-body diagram for the ball. Theforces / AT \ 


` . ¬ R = HAPPEN 
acting on the ball are the force of gravity, zzÿ downward, and the tension force Er : 
that the string exerts toward the hand at the center (which occurs because the : 
Hi 
/ 
⁄ 
⁄ 
RxG., — 
_=== 
V 
— TT T—~- ` 
NN 
Ni 


person exerts that same force on the string). The free-body diagram for theballis \ 
shown in Fig. 5—7. The ball's weight complicates matters and makes 1t Impos- \ 
sible to revolve a ball with the cord perfectly hor1zontal. We estimate theforce (a) 
assuming the weight is small, and letting @ 0 in Fig. 5-7. Then E¡ will act › 
nearly hor1zontally and, In any case, provides the force necessary to g1ve the ball 

1s cenfripetal acceleration. 


assume 1s hor1zontal: ⁄ Š 


SOLUTION We apply Newton”s second law to the radial direction, which we Hi 
/ HAPPENS \ 


⁄ 
(SF)a — HIAR, h \ 


where đạ =  /r and  = 2mr/T' = 2zr(0.600 m)/(0.500s) = 7.54m/s. Thus ' l jl 
Di % / 
¬.. ⁄ 
Hị m P (b) Này Z 
`¬=Z 


(754m/s)” _ 
(050kg) cm) * lÊN: 


=5 


NOTE_ We keep only two significant figures in the answer because we ignored the 
ball's weight; itis zg = (0.150 kg)(9.80 m/s?) = 1.5N, about ¡g of our result, 
which 1s small but maybe not so small as to JustIfy stating a more precIse answer 
lor +. 


FIGURE 5-7 Example 5-3. 
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FIGURE 5-8 Example 5—4. Free- 
body diagrams for positions 1 and 2. 


SÂŠ*CAUTION 


Circular motion only iƒ cord 
1s under tension 


FIGURE 5-9 Exercise C. 


L3 x¬ 
„.< 
VHÑV 
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Revolving ball (vertical circle). A 0.150-kg ball on the end 
of a 1.10-m-long cord (negligible mass) 1s swung in a 0erfical circle. (a) Deter- 
mine the minimum speed the ball must have at the top of 1ts arc so that the ball 
continues moving in a circle. (b) Calculate the tension in the cord at the bottom 
of the arc, assuminøg the ball is moving at twice the speed of part (4). 


APPROACH The ball moves ïn a vertical cirele and 1s zø/ undergoing uniform 
circular motion. The radius 1s assumed constant, but the speed œ changes 
because of gravity. Nonetheless, Eq.5—1 (øạ = 9 ”/r) is valid at each point along 
the circle, and we use 1t at the top and bottom points. The free-body điapram 1s 
shown In Fig. 5—8 for both positions. 


SOLUTION (2) At the top (poïnt 1), two forces act on the ball: zg, the force of 
gravity, and Ếr;,, the tension force the cord exerts at point 1. Both act down- 
ward, and ther vector sum acts to g1ve the ball 1ts centripetal acceleration øạ. 
We apply Newton”s second law, for the vertical direction, choosing downward as 
pOoSitive since the acceleration 1s downward (toward the center): 


(SE) = may 
tĩ 
DI +È ÔNG CĂN? [at top] 


From this equation we can see that the tension force #+; at poït 1 wIll get larger 
1ƒ ¡ (ball's speed at top of circle) 1s made larger, as expected. But we are asked 
for the minửmưưn speed to keep the ball moving 1n a circle. The cord will remain 
taut as long as there 1s tension mm 1. But 1f the tension disappears (because ?¡ 1s 
too small) the cord can go limp, and the ball wïll fall out of its circular path. Thus, 
the minimum speed will occur If #r¡ = 0 (the ball at the topmost point), for 
which the equation above becomes 


2 
ng = M—' [minimum speed at top] 


We solve for ?¡ , keeping an extra digit for use In (b): 


øị = Wgr = N/(9.80m/52)(1.10m) 
= 3.283m/s + 3.28m/s. 


Thịs 1s the minimum specd at the top of the circle 1f the ball 1s to continue 
moving In a circular path. 


(b) When the ball is at the bottom of the circle (point 2 in Fig. 5-8), the cord 
eXxerfs 1ts tension force #; upward, whereas the force of gravity, 7, still acts 
downward. Choosing up+0ard as posttIve, Ñewton”s second law gø1ves: 


(XF)ạ = máy 
z2 


Hịạ — mg = m [at bottom] 


The speed ø; is given as twice that ¡in (2), namely 6.566 m/s. We solve for F†;: 
0 
Hịạ = m - + g 
(6.566 m/s)” 
(1.10m) 


(0.150 kg) + (0.150kg)(9.80m/s?) = 7.35N. 


EXERCISEC_ A rider on a Ferris wheel moves In a vertical cirele of radius r at constant 
speed øœ (Eig. 5-9). Is the normal force that the seat exerts on the rider at the top of 
the wheel (2) less than, (b) more than, or (c) the same as, the force the seat exerts at the 
bottom of the wheel? 
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CONCEPTUAL EXAMIPLE 5-5 | Tetherball. The game of tetherball is played 
with a ball tied to a pole with a cord. After the ball 1s struck, 1t revolves 


around the pole as shown 1n Fig. 5—10. In what direction 1s the acceleration of 
the ball, and what force causes the acceleration, assuming constant speed? 


RESPONSE TỶ the ball revolves In a horizontal plane as shown, then the accel- 
eration points horizonfally toward the center of the ball's circular path (not 
toward the top of the pole). The force responsible for the acceleratlon may not 
be obvious at ñrst, since there seems to be no force pointing directly hor1zontally. 
But it is the øe/ force (the sum of zg and Ế+ here) that must point in the 
direction of the acceleration. The vertical component of the cord tension, Èry, 
balances the ball's weight, z8. The horizontal component of the cord tension, 
Fry, 1s the force that produces the centripetal acceleration toward the center. 


QoLVIMC 


FIGURE 5-10 Example 5-5. 


1s, all the forces or componenfs that act radially, toward 
or away from the center of the circular path. The sum 
Of these forces (or componenfs) provides the centrip- 


đụ Uuniform Circular Motion 

f1, Draw a free-body diagram, showing all the forces 

k2 acting on cach obJect under consideration. Be SUF€ etal acceleration, 4g = 2/z. 
œ you can identify the source of each force (tension 


1n a cord, Earth”s gravity, friction, normal force, and 
so on). Dont put in something that doesn”t belong 
(like a centrifugal force). 

2. Defermine which ofthe forces, or which of their compo- 
nenfs, act to provide the centripetal acceleration—that 


5-3 Highway Curves: 
Banked and LtInbanked 


An example of circular dynamics occurs when an automobile rounds a curve, say 
to the left. In such a situation, you may feel that you are thrust outward toward 
the right side door. But there 1s no mysterious cenfrifugal force pulling on you. 
'What is happening is that you tend to move 1n a straight line, whereas the car has 
begun to follow a curved path. To make you go mm the curved path, the seat 
(friction) or the door of the car (direct conftacf) exerts a force on you (Fig. 5—11). 
The car also must have a force exerted on 1t toward the center of the curve 1 If 
1S fo move In that curve. On a flat road, this force 1s supplied by friction between 
the tires and the pavemernt. 


Force on car 


3. Choose a convenient coordinate system, preferably 
with one axis along the acceleration direction. 


4. Apply Newfton* second law to the radial component: 


Đ . 
Sàn [radial direction] 


đÒPpHvysics APPLIED 


Driuing around a cur0e 


FIGURE 5-11 The road exerts an 


(sum of friction forces inward force (friction against the tires) 
acting on each tire) on a car to make 1t move In a circle. 


pAssenger. 


Tendency for 
|IIIIll J |i@s j...` `. 
= straight 


Force on 
passenger 


The car exerts an inward force on the 
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\l/ DN) ẤN 
FIGURE 5-12 Race car heading 
1nfo a curve. Erom the tire marks 
we see that mosf cars experlenced a 
sufficlent friction force to ø1ve them 
the needed centripetal acceleration 
for rounding the curve safely. But, 
we also see tire tracks OŸ cars on 
which there was not sufficient 
force—and which unfortunately 
followed more nearly straight-line 
paths. 


FIGURE 5-13 Example 5~ó. 
Forces on a car rounding a curve on 
a flat road. (a) Front view, (b) top 
VIỆW. 


(a) 


(b) 


@ÒPHvsics APPLIED 
Antilock brakes 


Tf the wheels and tires of the car are rolling normally without slipping or 
siiding, the bottom of the tire 1s at rest against the road at each Iinstant. So the 
friction force the road exerts on the tires 1s static friction. But 1f static friction 
1S nOt øreat enouegh, as under Icy conditions or hiph speecd, the static friction 
force is less than zz”/r and the car will skid out of a circular path into a more 
nearly straight path. See Hg. 5-12. Once a car skids or slides, the friction force 
becomes kinetic friction, which 1s smaller than static friction. 


Skidding on a curve. A 1000-kg car rounds a curve on a 
flat road of radius 50 m at a speed of 15 m/s (54 km/h). WII the car follow the 
curve, or Wwill 1t skid? Assume: (2) the pavement is dry and the coefficient oŸ static 
friction is ; = 0.60; (b) the pavement 1s Icy and y = 0.25. 


APPROACH The forces on the car are gravity 7z downward, the normal 
force #q exerted upward by the road, and a horizontal friction force due to the 
road. They are shown 1n Fig. 5S—13, which 1s the free-body diagram for the car. 
The car wIll follow the curve 1ƒ the maxImum sfatic friction force 1s greater than 
the mass times the centripetal acceleration. 


SOLUTION In the vertical direction (y) there is no acceleration. Newton”s second 
law tells us that the normal force #q on the car is equal to the weight #g since 
the road 1s flat: 


j: S1, lén. 


8 
SƠ 
Fy = mg = (1000kg)(9.80m/s”) = 9800N. 


In the horizontal direction the only force 1s friction, and we must compare 1t to 
the force needed to produce the centripetal acceleration to see 1Ý It 1s sufficient. 
The net hor1zontal force required to keep the car moving 1n a circle around the 
CUTV€ 1S 


2 (15 


2 
m— = (1000kg) TÓ) 


(50m) 
Now we compute the maximum total static friction force (the sum of the friction 
forces acting on each of the four tires) to see 1Ÿ it can be large enouph to provide 


a safe centripetal acceleration. For (z), y = 0.60, and the maximum friction 
force attainable (recall from Section 4-8 that „< yŸN) 1s 


(Fx)mx = sFx = (0.60)(9800N) = 588§0N. 


Since a force of only 4500N 1s needed, and that 1s, in fact, how much wIll be 
exerted by the road as a static friction force, the car can follow the curve. Butin 
(b) the maximum static friction force possible 1s 


(F)uax = sƑx = (0.25)(9800N) = 2450N. 


The car will skid because the ground cannot exert sufficient force (4500N 1s 
needed) to keep it moving in a curve of radius 50 m at a speed of 54 km/ñh. 


(XF)a — Ffldgq — = 4500N. 


The possibility of skidding 1s worse 1Ý the wheels lock (stop rotating) when the 
brakes are applied too hard. When the tires are rolling, static friction exisfs. But 
1ƒ the wheels lock (stop rotating), the tires slide and the friction force, which 1s 
now kinetic friction, 1s less. More Importantly, the đirecfon oŸ the friction force 
changes suddenly 1f the wheels lock. Static friction can point perpendicular to the 
velocity, as in Fig. 5—13b; but 1f the car slides, kinetic friction poInts øpposife tO 
the velocity. The force no longer poinfs toward the center of the circle, and the car 
cannot confinue in a curved path (see Fig. 5-12). Even worse, 1f the road 1s wef 
or Icy, locking of the wheels occurs with less force on the brake pedal since there 
1s less road friction to keep the wheels turning rather than sliding. Antilock brakes 
(ABS) are designed to limit brake pressure just before the point where sliding 
would occur, by means of delicate sensors and a fast computer. 


116 CHAPTERB5 Circular Motion; Gravitation 


EXERCISED To negotiate a flat (unbanked) curve at a ƒfzs/er speed, a driver pufs a couple 
of sand bags In his van aiming to increase the force of friction between the tires and the 
road. WIII the sand bags help? 


The banking of curves can reduce the chance of skidding. The normal force @® PHYSICS APPLIED 
exerted by a banked road, acting perpendicular to the road, will have a compo- Banked curues 
nent toward the center of the circle (Eig. 5-14), thus reducing the reliance on 
friction. For a given banking angle 0, there will be one speed for which no friction 
at all 1s required. This wIll be the case when the hor1zontal component of the 
normal force toward the center of the curve, #qsinØ (see Fig. 5-14), 1s jusf 
equal to the force required to give a vehicle 1ts centripetal acceleration——that 1s, 
when 


M 


2 
. Đ & và . 
fqsnØ = ứm _ [no friction required] 


The banking angle of a road, 0, 1s chosen so that this condition holds for a partic- 
ular speed, called the “design speed.” 


Banking angle. (ø¿) For a car traveling with speed  around 
a curve ofradius z, determine a formula for the angle at which a road should 
be banked so that no friction 1s required. (5) What 1s this angle for a road which 
has a curve of radius 50 m with a design speed of 50 km/h? 


APPROACH Even though the road is banked, the car is still moving along a 
horizonfal circle, so the centripetal acceleration needs to be horizontal. W©_ FIGURE 5-14 Normal force on a 
choose our x and y axes as horizontal and vertical so that øạ, which is horl-  carrounding a banked curve, 
zontal, 1s along the x axis. The forces on the car are the Earth's gravity 7 resolved into is horizontal and 
downward, and the normal force #{ exerted by the road perpendicular to 1s verticalcomponents. The centripetal 
surface. See Eig. 5-14, where the components of Ƒq are also shown. We don't  acceleration is horizontal (nof 

need to consider the friction of the road because we are đesigning a road to be _ parallel to the sloping road). The 


banked so as to eliminate dependence on friction. friction force on the tires, not 
shown, could poïnt up or down 
along the slope, depending on the 
FqcosØ — mg = 0 cars speed. The friction force will 
be zero for one particular speed. 


SOLUTION (2) Since there is no vertical motion, ay = 0 and 3F, = may g1ves 


OF 
m 
FN = ỹ : 
cOS Ø &® CAUTION 
[Note ín this case that Ƒq > zmg because cos Ø0 < 1.] EÑ is not al0ays equal to mg 


We substitute this relation for #Ä Into the equation for the hor1zontal motion, 


: ? 
FqsinØ = ứm * 
which becomes 
mg, ?? 
sinØ #= #é1:— 
cos 8 r 
Of 
2 
kh 
tanØ = —- 
r§ 


Thịs 1s the formula for the banking angle 6: no friction needed at this speed 0. 
(b) For r = 50m and œ = 50 km/h (= 14m/s), 

(14m/s)? 
(50 m)(9.8 m/5s”) 
so Ø = tan !(0.40) = 22°. 


tanØ = = 0.40, 


We have been using the centripetal acceleration a = ”⁄r where r ¡is the 
radius of a circle. For a road, and In many other situafions, we don't have a full 
circle, but only a portion of a circle: ø = ø'⁄r still works and we often call r the 
radius of curyature of that portion of a circle we are dealing with. 
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(b) 


FIGURE 5-15 The speed of an 
object moving In a circle changes IŸ 
the force on 1t has a tangential 
component, hạn. Part (a) shows the 
force Ê and its vector COmpOnen1s; 
part (b) shows the acceleration 
vecfor and 1s vector componenfs. 


*5—4 Nonuniform Circular Motion 


Circular motion at constant speed occurs when the net force on an object 1s 
exerted toward the center of the circle. IỶ the net force 1s not directed toward the 
center but 1s at an angle, as shown 1n Fig. 5—15a, the force has two components. 
The component directed toward the center of the circle, Fạ, gives rise to the cen- 
tripetal acceleration, ẩạ , and keeps the obJect moving 1m a circle. The component 
tangent to the circle, Ea, acts to increase (or decrease) the speed, and thus gives 
rise to a component of the acceleration tangent to the circle, ä:an. When the speed 
of the obJect 1s changing, a tangential component of force 1s acting. 

'When you first start revolving a ball on the end of a string around your head, 
you must øIve 1t tangenfial acceleration. You do this by pulling on the string with 
your hand displaced from the center of the circle. In athletics, a hammer thrower 
accelerates the hammer tangentially In a similar way so that 1t reaches a hiph speed 
before release. 

The tangential component of the acceleration, đ¿an, has magnitude equal to 
the rate of change of the +agnifude of the obJect's veloCIty: 


Ao® 
Can — AE, 


The radial (centripetal) acceleration arises from the change In đ7recfion of the 
velocity and, as we have seen (Eq. 5-1), has magnitude 


The tangential acceleratlon always pornfs 1m a direction tangent to the circle, and 
1s in the direction of motion (parallel to ý, which ¡s always tangent to the circle) 
1f the speed 1s Increasing, as shown 1n Fig. 5—15b. If the speed 1s decreasing, 
Ñtạn pOInts anftiparallel to Y. In either case, 8:an and ä—ạ are always perpendicular 
to each other; and (heir đirections change continually as the obJect moves along 
1s circular path. The total vector acceleration ä 1s the sum of the two componenfs: 


ä = Btan + bì % 
Since ẩn and 8¡an are always perpendicular to each other, the magnitude oŸ ä at 
any momeTt 1s 


q —= \V đần + tin: 


Two components of acceleration. A race car starts from 
resf in the pit area and accelerates at a uniform rate to a speed of 35 m/s in 11 s, 
moving on a circular track of radius 500 m. Assuming constant tangential 
acceleration, find (z) the tangential acceleration, and (b) the radial acceler- 
ation, at the instant when the speed is ø = 15 m/s. 


APPROACH The tangential acceleration relates to the change ïn speed of the car, 
and can be calculated as đ¿¿q = A/Ar. The centripetal acceleration relates to the 
change in the đirecfion of the velocity vector and is calculated using øp = ®”/z. 


SOLUTION (øz) During the 11-s time interval, we assume the tangential accel- 
©ration đ:an 1S cOnstant. Its magmitude 1s 
A® (35m/s — 0m/s) 
km sa 11s 
(b) When œ = 15 m/s, the centripetal acceleration is 
? (15 m/s) 
“` r  (500m) 
NOTE The radial (centripetal) acceleration increases continually, whereas the 
tangential acceleraftion stays constant. 


= 32m/S. 


= 045 m/c. 
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5~—5 Newton“s Law of Universal Gravitation 


Besides developing the three laws of motion, Isaac Ñewton also examined the motion 
of the planets and the Moon. In particular, he wondered about the nature of the 
force that must act to keep the Moon 1n 1s nearly circular orbit around the Earth. 

Newton was also thinking about the problem of gravity. Since falling obJects 
accelerate, Newton had concluded that they must have a force exerted on them, 
a force we call the force of gravity. Whenever an object has a force exerted ø 1t, 
that force 1s exerted by some other obJect. But what exer/s the force of gravity? 
Every obJect on the surface of the Earth feels the force of gravity q¿, and no 
matter where the oblect 1s, the force 1s đirected toward the center of the Earth 
(Eig. 5-16). Newton concluded that it must be the Earth itself that exerts the 
øravitational force on obJects af 1s surface. 

According to legend, Ñewton noticed an apple drop from a tree. He 1s said to 
have been struck with a sudden I1nspiration: If gravity acts at the tops oÝ trees, and 
even at the tops of mountaIns, then perhaps It acts all the way to the Moon! With 
this Idea that 1t 1s the Earth% gravity that holds the Moon 1n Ifs orbit, Newton 
developed his great theory of gravitation. But there was controversy at the time. 
Many thinkers had trouble accepting the Idea of a force “acting at a distance.” 
Typical forces act through contact—your hand pushes a cart and pulls a wagon, 
a bat hifs a ball, and so on. But gravity acfs without confact, said Newton: the Earth 
exerts a force on a falling apple and on the Moon, even thouph there 1s no confact, 
and the two objects may even be very far apart. 

Newton set about determining the magnitude of the gravitational force that 
the Earth exerts on the Moon as compared to the øravitational force on obJecfs 
at the Earth”s surface. The centripetal acceleration of the Moon, as we calculated 
in Example 5-2, is øạ = 0.00272 m/s”. In terms of the acceleration of gravity at 
the Earth”s surface, g = 9.80 m/sỈ, 


000272m/° 1 
980m/s? Š ` 3600” 


That is, the acceleration of the Moon toward the Earth is about sp as great as 
the acceleration of oblJects at the Earth”s surface. The Moon 1s 384,000 km from 
the Earth, which 1s about 60 times the Earth”s radius of 6380 km. That 1s, the 
Moon 1s 60 times farther from the Earth”s center than are obJects at the Earth”s 
surface. But 60 x 60 = 60” = 3600. Again that number 3600! Newton concluded 
that the gravitational force Ƒ¿rav or #c exerted by the Earth on any object decreases 
with the square of1ts distance r from the Earth's center: 


= 
r? 


đq — 


lạ œ 


1 


The Moon 1s 60 Earth radi away, so 1t feels a gravitational force only KT — 3600 


times as sfrong as 1t would 11t were at a point on the Earth”s surface. 

Newton realized that the force of gravity on an obJect depends not only on 
distance but also on the obJects mass. In fact, it 1s directly proportional to 1s 
mass, as we have seen (Eq. 4-3). According to Newton”s third law, when the Earth 
eXerts 1s øravifational force on any object, such as the Moon, that object exerts an 
equal and opposite force on the Earth (Fig. 5-17). Because of this sywnefry, 
Newton reasoned, the magnitude of the force oŸ pravity must be proportional to 


both masses: 
tr 'topj 
fq œ ———? 


r7 


where zy and mọy;¡ are the masses of the Earth and the other object, respectively, 
and r 1s the distance from the Earth”s center to the center of the other obJect. 


To deal with the conceptual difficulty of “action at a distance,” the idea of a graoiiafional field was intro- 
duced many years later: every object that has mass produces a gravitational field in space. The force 
one object exerts on a second object is then due to the gravitational field produced by the first object at 
the position of the second object. We discuss fields in Section 16-7. 
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FIGURE 5-16 Anywhere on Earth, 
whether in Alaska, Peru, or 
Australia, the force O pravity acts 
downward toward the Earth”s center. 


FIGURE 5-17 The gravitational 
force one objJect exerts on a second 
obJject is directed toward the first 
object; and, by Newton's third law, 
1s equal and opposite to the force 
exerted by the second obJect on the 
first. In the case shown, the 
øravitational force on the Moon 
due to Earth, F„z, is equal and 
Opposite to the øravitational force 
on Earth due to the Moon, Eèụ,. 
Thatis, E„; = —Ebw. 


Moon 


Ể Gravitational 
ME 


force exerted on 
Moon by Earth 
FEM Gravitational force 
exerted on Earth 


Earth by the Moon 
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FIGURE 5-18 Schematic diagram of 
Cavendish”s apparatus. Two spheres 
are attached to a light horizontal rod, 
which 1s suspended at 1ts center by a 
thin fiber. When a third sphere 
(labeled A) is brought close to one of 
the suspended spheres (Iabeled B), 
the gravitational force causes the 
latter to move, and this twIsts the 
fñiber slightly. The tiny movement 1s 
magnified by the use of a narrow ligpht 
beam directed at a mirror mounted on 
the fiber. The beam reflects onto a 
scale. Previous determination of how 
large a force will twist the fiber a 
ø1ven amount then allows the 
experimenter to determine the 
magnitude of the øgravitational force 
between the two obJjects, A and B. 


Newton went a step further in his analysis oŸ pravity. In his examination of the 
orbifs of the planets, he concluded that the force required to hold the diferent 
planets In their orbits around the Sun seems to diminish as the Inverse square of 
their distance from the Sun. This led him to believe that 1t 1s also the gravitational 
force that acts between the Sun and each of the planets to keep them 1n their orbits. 
And I1 gravity acts between these obJects, why not between all objects? Thus he 
proposed his law of universal gravifafion, which we can sfate as follows: 


Every parficle in the uniyerse affrac(s every other particle with a force that 
is proportional to the producf of their masses and inversely proporfional to 
the square of the disíance befween them. This force acís along the line 
joining the two particles. 


The magnitude of the gravitational force can be written as 
HTHTH 


r? 


fạq = G 


› (S-4) 


where 7; and 7; are the masses of the two particles, z 1s the distance between 
them, and Ở 1s a universal constant which must be measured experimentally. 

The value of G must be very small, since we are not aware of any force of 
aftraction between ordinary-sized obljects, such as between two baseballs. The 
force between two ordinary objects was first measured by Henry Cavendish in 
1798, over 100 years after Newton published his law. To detect and measure the 
1ncredibly small force between ordinary obJects, he used an apparatus like that 
shown 1n Eig. 5—18. Cavendish confirmed Newton”s hypothesis that two obJects 
aftract one another and that Eq. 5—4 accurately describes this force. In addition, 
because Cavendish could measure @, 7⁄¡, 7;, and r accurately, he was able to 
determine the value of the constant Ở as well. The accepted value today 1s 


G = 6.67 x 10''NÑ-m”/kg”. 


(See Table Inside front cover for values of all constants to highest known precision.) 
Equation 5—4 1s called an inverse square law because the force 1s InverseÏy DTODOT- 
tional to rZ. 

[Strictly speaking, Eq. 5—4 gives the magnitude of the gravitational force that 
one parficle exerts on a second particle that 1s a distance r away. For an extended 
oblject (that 1s, not a point), we must consider how to measure the distance z. 
A correct calculation treats each extended body as a collection of particles, and 
the total force 1s the sum of the forces due to all the particles. The sum over all these 
particles 1s offen done using Integral calculus, whích Newton himself invented. 
'When extended bodies are small compared to the distance between them (as for the 
Earth—Sun system), little Inaccuracy resulfs from considering them as pomt particles. 
Newton was able to show that the grauifafional ƒorce exerted on a particle oufside a 
uuiƒorm sphere is the same as iƒ the entire mass Oƒthe sphere tuas concentrafed at is 
cenrer.' Thus Eq. 5—4 gives the correct force between two uniform spheres where r 
1s the distance between theIr centers. | 


EXAMPLE 5-9 ' ESTIMATE ': Can you attract another person gravita- 
tionally? A 50-kg person and a 70-kg person are sitting on a bench close to each 


other. Estimate the magmtude of the gravitational force each exertfs on the other. 


APPROACH Thịs is an estimate: we let the distance between the centers of the 
two people be zm (about as close as you can get). 


SOLUTION_ We use Eq. 5—4, which g1ves 
mịm, — (667 x 10”'N-m”/kg?)(50 kg)(70 kg) 
ƒP (0.5 m) 
rounded off to an order of magnitude. Such a force 1s unnoticeably small unless 
extremely sensifive instruments are used (< 1/100,000 of a pound). 


10N, 


TWe demonstrate this result in Section 16-12. 
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Spacecraft at 2r;. What is the force of gravity acting on a 
2000-kg spacecraft when 1t orbits two Earth radi from the Earth”s center (that 1s, 
a distance rp; = 6380km above the Earth's surface, Fig. 5—19)? The mass of the 
Earth is zmp = 5.98 x 10kg. 

APPROACH We could plug all the numbers Into Eq. 5—4, but there 1s a simpler 
approach. The spacecraft 1s twice as far from the Earth”s center as when If 1s 
at the surface of the Earth. Therefore, since the force of gravity #c decreases as 
the square of the đistance (and ` = +), the force of gravity on the satellite will 
be only one-fourth 1ts weight at the Earth”s surface. 

SOLUTION. Atthe surface of the Earth, Fq = 7g. Ata distance from the Earth”s 
center Of2r, is 4 as great: 


Fq = mg = ;(2000kg)(9.80m/s?) = 4900N. 


Note carefully that the law of universal gravitation describes a arficular 
force (gravity), whereas Newton”s second law of motion (#Ƒ = ma) tells how an 
obJect accelerates due to ay type of force. 


5-6 Gravity Near the Earth's Surface 


When Eq. 5-4 is applied to the gravitational force between the Earth and an 
obJect at 1fs surface, 7 becomes the mass of the Earth zm;, zạ becomes the mass 
of the object 7ø, and r becomes the distance of the obJect from the Earth”s center, 
which 1s the radius of the Earth r.. This force of gravity due to the Earth 1s the 
weight of the obJect on Earth, which we have been writing as zg. Thus, 

1/1/10 


rễ 


We can solve this for ø, the acceleration of gravity at the Earth”s surface: 


18 — 


Tp 
... (5-5) 
TÈ 
Thus, the acceleration oŸ gravity at the surface of the Earth, ø, is determined by 
mẹ and rg. (Don”t confuse Œ with g; they are very different quantities, but are 
related by Eq. 5—5.) 

Unti Ơ was measured, the mass of the Earth was not known. But once Œ 
was measured, Eq. 5-5 could be used to calculate the Earth's mass, and Caven- 
dish was the first to do so. Since ø = 9.80m/s” and the radius of the Earth is 
re = 6.38 x 10m, then, from Eq. 5-5, we obtain the mass of the Earth to be 

2 2 6 2 
". griỀ — (9.80 m/s AGĐẺ x 105m) `... 
G 6.67 x 10N-m”/kg? 

Equation 5-5 can be applied to other planets, where ø, z, and r would refer 

to that planet. 


Gravity on Everest. Estimate the effective 
value of ø on the top of Mt. Everest, 8850 m (29,035 ft) above sea level 
(Fig. 5-20). That is, what is the acceleration due to gravity of objects allowed to 
fall freely at this altitude? Ignore the mass of the mountain ifself. 


APPROACH The force of gravity (and the acceleration due to gravity ø) depends 
on the distance from the center of the Earth, so there wIll be an effective value ø” 
on top of Mt. Everest which wIll be smaller than ø at sea level. We assume the 
Earth is a uniform sphere (a reasonable “estimate”). 

SOLUTION We use Eq. 5-5, with rz replaced by z = 6380km + 8.9km = 
6389 km = 6.389 x 10°m: 


6.67 x 10”!N-m”/kg”)(5.98 x 10”'k 
g=GT= mô 5 °) = 9.77m/Ss), 
r (6.389 x 10m) 


which 1s a reduction of about 3 parts in a thousand (0.3%). 


bá Motion 
^< 


FIGURE 5-19 Example 5—10; 
a spacecraft in orbIt at r = 2r. 


Â*CAUTION 
Distinguish Netuton s second lau 
from the lat oƒ uniUersal grauitation 


$©cAuTioN —_ 
Distinguish Ở from g 


FIGURE 5-20 Example Š5—11. Mount 
Everest, 8850 m (29,035 ft) above sea 
level; in the foreground, the author 
with sherpas at 5500 m (18,000 ft). 
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TABLE 5-1 Acceleration Due 
to Gravity at Various Locations 


Elevation 8 
Locafion (m) (m/s?) 
New York 0 9.803 
San FrancIsco 0 9.800 
Denver 1650 9.796 
Pikes Peak 4300 9.769 
Sydney, Australia 0 9.798 
Equator 0 9.760 
North Pole 0 9.832 


(calculated) 


đÒpHnvysics APPLIED 
Artificial Earth satellites 


Note that Eq. 5-5 does not give precise values for ø at different locations 
because the Earth 1s not a perfect sphere. The Earth not only has mountains and 
valleys, and 1t bulges at the equator, but also 1s mass 1s not distributed precisely 
uniformly. (See Table 5—1.) The Earth”s rotation also affects the value of g. However, 
for most practical purposes, when an objJect 1s near the Earth”s surface, we will 
simply use øg = 9.80 m/s” and write the weight of an object as zng. 


EXERCISE E Suppose you could double the mass of a planet but keep its volume the 
same. How would the acceleration oÝ pravity, ø, at the surface change? 


5—Z Satellites and “Weightlessness” 


Satellite Motion 


Artificial satellites circling the Earth are now commonplace (Eig. 5-21). A satellite 
1S put into orbit by accelerating It to a sufficlently high tangential speed with the use 
Of rockets, as shown in Eig. 5—22. If the speed 1s too high, the spacecraft will not be 
confined by the Earth”s gravity and wIlÏl escape, never to return. IÝ the speed 1s too 
low, It will return to Earth. Satellites are typically put into circular (or nearly circu- 
lar) orbits, because such orbits require the least takeoff speed. 


27,000 km/h 30,000 km/h 
(circular orbit) (elliptical orbIt) 


40,000 km/h 
(escape from Earth) 


FIGURE 5-21 A satellite, the International Space Station, HGURE 5-22 Artificial satellites launched at 
circling the Earth. 


FIGURE 5-23 A moving satellite 
“falls” out of a straipht-line path 


toward the Earth. 


Without 
8TraVIty 


> > 
Withềc 


different speeds. 


l( 1s sometimes asked: “What keeps a satellite up?” The answer 1s: 1{s hiph 
speed. T a satellite in orbit stopped moving, 1t would fall directly to Earth. But at 
the very high speed a satellite has, it would quickly fly out Into space (Fig. 5-23) 
1ƒ 1t weren”t for the gravitational force of the Earth pulling 1t into orbit. In fact, 
a satellite in orbit ¡s falling (accelerating) toward Earth, but its high tangential 
speed keeps 1t from hitting Earth. 

For satellites that move 1n a circle (at least approximately), the needed acceler- 
ation is centripetal and equals ”/r. The force that gives a satellite this acceleration 
1s the force OŸ gravity exerted by the Earth, and since a satellite may be at a 
considerable distance from the Earth, we must use Newton?s law of universal 
gravitation (Eq. 5-4) for the force acting on 1t. When we apply Newton”s second 
law, XE = maạ 1n the radial direction, we find 
mừng DN 


nã.” ý (S-6) 


G 


where 7 1s the mass of the satellite. This equation relates the distance of 
the satellte from the Earth's center, r, to 1s speed, 0œ, in a circular orbit. 
Note that only one force——gTravity—1s acting on the satellite, and that r 1s the sum 
Of the Earth”s radius rg plus the satellite's height h above the Earth: r = rpg + ï. 
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If we solve Eq. 5-6 for 0, we find œ = 4⁄Œmr/r and we see that a satellites 
speed does not depend on 1fs own mass. Satellites of different mass orbiting at the 
same distance above Earth have the same speed and period. 


Geosynchronous satellite. A geosyzchronous satellite 1s 
one that stays above the same point on the Earth, which 1s possible only 1 1t 
1s above a point on the equator. Why? Because the center of a satellite orbit 1s 
always at the center of the Earth; so 1t 1s not possible to have a satellite orbiting 
above a fixed point on the Earth at any latitude other than 0°. Geosynchronous 
safellites are commonly used for TV and radio transmission, for weather forecasting, 
and as communication relays." Determine (2) the height above the Earth's surface 
such a satellite must orbit, and (0) such a satellite”s speed. (c) Compare to the 
speed of a satellite orbiting 200 km above Earth”s surface. 


APPROACH To remain above the same point on Earth as the Earth rotates, 
the satellite must have a period of 24 hours. We can apply Newton”s second law, 
F = ma, where a = 0ˆ/r iŸwe assume the orbit is circular. 


SOLUTION (ø) The only force on the satellite is the gravitational force due 
to the Earth. (We can Ignore the gravitational force exerted by the Sun. Why?) 
We apply Eq. 5—6 assuming the satellite moves 1n a circle: 


2 
sat Tp Đ 


G = ím 
r? Sat r 


Thịs equation has two unknowns, z and ø. So we need a second equation. The 
satellite revolves around the Earth with the same period that the Earth rotates 


On 1fs axIs, namely once 1n 24 hours. Thus the speed of the satellite must be 
27r 
U= , 
T 


where 7 = 1day = (24h)(3600s/h) = 86,400s. We substitute this into the 
“satellite equation” above and obtain (after cancelling sạ( on both sides): 


mẹ — (2mr) 
r? _— rƑ? 
After cancelling an r, we can solve for rŸ: 
Gme.T? — (6.67 x 101N-m”/kg?)(5.98 x 10”'kg)(86,400s)? 
An - 4m7 
= 7.54 x 10”mỶ 

We take the cube root and find 

r = 422 x10”m 
or 42,200 km from the Earth”s center. We subtract the Earth”s radius of 6380 km 


to find that a geosynchronous satellite must orbit about 36,000 km (about 6rg) 
above the Earth's surface. 


G 


r` = 


(b) We solve for in the satellite equation, Eq. 5—6: 


(6.67 x 10N-m”/kg?(5.98 x 10k 
Gm . /kg”\ BỊ... T 
(4.22 x 10m) 


or about 11,000 km/h ( 7000 mi/h). _ gect the same result iwe use  = 2r/T. 


(c) The equation in part (b) for ø shows ø œ V1/r. So for r=rg+h= 
6380 km + 200km = 6580 km, we get 


r (42,200 km) 
"= 0.Ì|— = (3070m/S)Al^>——— = T770 
LÙ QIẾP ( m/S) (6580 km) m/s, 


or about 28,000 km/h (+ 17,000 mi/h). 


?Geosynchronous satellites are useful because receiving and transmitting antennas at a given place 
on Earth can stay fixed on such a satellite (no tracking and no switching satellites is needed). 
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(c) ‡ a = g(down) 
FIGURE 5-24 (a) A bag in an 
elevator af rest exerfs a Íorce on a 
spring scale equal to Its weight. 
(b) In an elevator accelerating 
upward at š øg, the bag's apparent 
weight ¡is 13 times larger than is 
true weight. (c) In a freely falling 
elevator, the bag experiences 
“weiphtlessness”: the scale reads 
Z€TO. 


'Weightlessness 


People and other obJects In a satellite circling the Earth are said to experlence 
apparent weightlessness. Let us first look at a simpler case: a falling elevator. In 
Hig. 5-24a, an elevator 1s at rest with a bag hanging from a spring scale. The 
scale reading indicates the downward force exerted on 1t by the bag. Thịs force, 
exerted øw the scale, is equal and opposite to the force exerted by the scale 
upward on the bag, and we call its magnitude +ø (for “weight”). TWwo forces act on 
the bag: the downward gravitatlonal force and the upward force exerted by the 
scale equal to +0. Because the bag 1s not accelerating (z = 0), when we apply 
»F = ma to the bag In Fig. 5—24a we obtaIn 


%0 —mg = 0, 


where zg 1s the weight of the bag. Thus, +0 = 7g, and since the scale Indicates 
the force +0 exerted on 1t by the bag, 1t registers a force equal to the weight of the 
bag, as we expect. 

Now let the elevator have an acceleration, z. Applying Newton”s second law, 
>Ƒ = ma, to the bag as seen from an inertial reference frame (the elevator I(self 
1S not now an inertial frame) we have 


9U — mg = ma. 
Solving for +0, we have 
%0 = mg + ma. [21s + upward] 


We have chosen the positive direction up. Thus, 1Ÿ the acceleraflon # 1S up, đ 1S 
positive; and the scale, which measures +0, will read more than g. We call +0 the 
apparenf +0eighí of the bag, which 1m this case would be greater than 1ts actual 
weipht (ng). If the elevator accelerates downward, ø will be negative and 0, the 
apparent weipht, will be less than 7g. The direction of the velocity ÿ doesn't 
matter. Only the direction of the acceleration ä (and i1ts magnitude) influences 
the scale reading. 
Suppose the elevator”s acceleration is š øg upward; then we find 


¡0 = mg + m(šg) 


- 3 
— 2/1§. 


That is, the scale reads 15 times the actual weight of the bag (Fig. 5-24b). The 
apparent weight of the bag is 1; times its real weight. The same is true of the per- 
son: her apparent weight (equal to the normal force exerted on her by the elevator 
floor) is 15 times her real weight. We can say that she is experiencing 1; g's, just 
as astronaufs experience so many ø”s at a rocket's launch. 


If, instead, the elevators acceleration is = —¿g (downward), then 
+0 = mg — mg = mg. That is, the scale reads half the actual weight. If the 
elevator 1s in ƒ#ee ƒal! (for example, If the cables break), then a = —g and 


+0 = mg — mg = 0. The scale reads zero. See Eig. 5—24c. The bag appears weipht- 
less. If the person in the elevator accelerating at —g let go of a box, 1t would 
not fall to the floor. True, the box would be falling with acceleration ø. But so 
would the floor of the elevator and the person. The box would hover right 
in front of the person. This phenomenon 1s called apparen( weightlessness 
because in the reference frame of the person, obJects don't fall or seem to have 
weight—yet gravity does not disappear. Gravifty 1s still acting on each obJect, 
whose weipht 1s still g. 
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The “weightlessness” experienced by people 1n a satellite orbit close to the 
Earth (Fig. 5-25) 1s the same apparent weiphtlessness experienced In a freely 
falling elevator. It may seem strange, at first, to think of a satellite as freely falling. 
But a satellite 1s indeed falling toward the Earth, as was shown In Eig. 5-23. The 
force oŸ øgravity causes 1t to “fal[” out of 1s natural straight-line path. The accel- 
eration of the satellite must be the acceleration due to gravity at that point, because 
the only force acting on It 1s gravity. Thus, although the force of gravity acts on 
obJects within the satellite, the objects experience an apparent weightlessness 
because they, and the satellite, are accelerating together as in free fall. 

Figure 5-26 shows some examples of “free fall,” or apparent weightlessness, 
experienccd by people on Earth for brief moments. 

A completely different situation Occurs 1 a spacecraft is out in space far from 
the Earth, the Moon, and other attracting bodies. The force of gravity due to the 
Earth and other celestial bodies will then be quite small because of the distances 
1nvolved, and persons In such a spacecraft would experience real weightlessness. 


FIGURE 5-25 This astronaut is out- 
side the International Space Sftation. 
He must feel very free because he 1s 
experiencing apparent weightlessness. 


EXERCISE F Return to Chapter-Opening Question 2, page 109, and answer 1í again 
now. Try to explain why you may have answered differently the first time. 


FIGURE 5-26 Experiencing 
“weightlessness” on Earth. 


5-8 Planets, Kepler s Laws, and 
Newton“s Synthesis 


Where did we first get the idea of planets? Have you ever escaped the lights of 

the city to gaze late at night at the multitude of stars in the night sky? Ït 1s a 

moving experience. Thousands oŸ years ago, the anclents saw this sipht every 

cloudless night, and were fascinated. They noted that the vast majorIty oŸ stars, 

bripht or dim, seemed to maintain fixed posifions relative to each other. The 

ancIenfs imagined these fxed sfars as being attached to a huge inverted bowl, or 

sphere. This celesfial sphere revolved around the Earth almost exactly once a day 

(Fig. 5-27), from east to west. Among all the stars that were visible to the naked  FIGURE 5-27 Time exposure 
eye (there were no telescopes until much later, about 1600), the ancients saw five  showing movement of stars OVer a 
stars that changed position relative to the fixed stars over weeks and months.  period ofseveral hours. 

These five wandering stars were called planefs (Greek for wandering). Planets 
were thus visible at night as tiny points of light like other stars. 

The ancient idea that the Sun, Moon, and planets revolve around the Earth 
1s called the geocenfrie view (geo = Earth in Greek). It was developed into a fne 
theoretical system by Ptolemy In the second century B.C. Today we believe In a 
heliocentric system (helios = Sun in Greek), where the Earth is just another 
planet, between Venus and Mars, orbiting around the Sun. Although a heliocentric 
VIeW Was proposed In ancient times, it was largely Ignored until Renaissance Italy 
of the fifteenth century. The real theory change (see Section 1—1 and Fig. 1-2) 
began with the heliocentric theory of Ñicolaus Copernicus (1473-1543) and then 
was greatly advanced by the experimental observations of Galileo around 1610 using 
his newly developed 30% telescope. Galileo observed that the planet Jupiter has 
moons (like a miniature solar system) and that Venus has phases like our Moon, not 
explainable by Ptolemy”s geocentric system. [Galileo's famous encounfer with the 
Church had little to do with religious faith, but rather with politics, personality 
conflict, and authority. Today 1t 1s generally understood that scIence and faith are 
different approaches that are not in conffict.] SECTIONBS-8 125 


FIGURE 5-28 Keplers first lau. 
An ellipse 1s a closed curve such 
that the sum of the distances from 
any point P on the curve to two 
fñixed points (called the focli, F¡ and 
F¿) remains constant. That is, the 
sum of the distances, FỊP + F¿P, Is 
the same for all points on the curve. 
A circle 1s a special case of an 
ellipse in which the two foci 
coincide, at the center of the circle. 


FIGURE 5-29 Keplers second lau. 
The two shaded regions have equal 


areas. The planet moves from point 1 
to poïnt 2 in the same time 1t takes to 
move from point 3 to point 4. Planets 
move fastest when closest to the Sun. 


TABLE 5-2 Planetary Data 
Applied to Kepler“s Third Law 


Mean 


Distance s/T? 


toSun,s  Period, 7 le kmŠ 


Planet (105km) (Earthyr) yr2 
Mercury 57.9 0.241 3.34 
'Venus 108.2 0.615 3.35 
Earth 149.6 1.000 3.35 
Mars 227.9 1.88 3.35 
Jupiter 778.3 11.86 3.35 
Satun 1427 29.5 3.34 
Uranus 2870 84.0 3.35 
Neptune 4497 165 3.34 
(Pluto)” 5900 248 3.34 


ÏPluto, since its điscovery In 1930, was 
considered a ninth planet. But its small mass 
and the recent discovery of other obJects 
beyond Neptune with similar masses has led 

to calling these smaller objectfs, including Pluto, 
“dwarf planets.” We keep it in the Table to 
Indicafe 1(s øreat distance, and 1s consistency 
with Kepler”s third law. 


Kepler's Laws 


AIso about 1600, more than a half century before Newton proposed his three laws 
of motion and his law of universal gravitation, the German astronomer Johannes 
Kepler (1571-1630) had worked out a detailed description of the motion of the 
planets around the Sun. Kepler's work resulted m part from the many years he 
spent examining data collected (without a telescope) by Tycho Brahe (1546-1601) 
on the positions of the planets In their mofion through the night sky. 

Among Kepler's writings were three empirical findings that we now refer to 
as Keplers laws of planetary mofion. These are summarized as follows, with 
additional explanation In Eigs. 5-28 and Š5~29. 


Kepler% first lau: The path of each planet around the Sun 1s an ellipse with the 
Sun at one focus (Hig. 5-28). 


Kepler% second lau: Each planet moves so that an Imaginary line drawn from the 
Sun to the planet sweeps out equal areas In equal periods of time (Fig. 5—29). 


Kepler% third la: The ratio oŸ the squares of the periods 7'of any two planets 
revolving around the Sun 1s equal to the ratio of the cubes of theIr mean dis- 
tances from the Sun. [The mean distance equals the semimaJor axis s (= half 
the distance from the planet's near point N and far point M from the Sun, 
FHig. 5-28).] That 1s, 1ƒ 7¡ and 7; represent the periods (the time needed for 
one revolution about the Sun) for any two planefs, and s¡ and s; represent their 
mean đistances from the Sun, then 


We can rewrite Kepler”s third law as 


sj — 9 
ng ` 
Tỉ  T? 


meaning that s3/77 should be the same for each planet. Present-day data are 
g1ven in Table 5—2; see the last column. 

In Examples and Problems we usually will assume the orbits are circles, 
althoupgh 1t 1s not quite true 1n general. 


EXAMPLE 5-13 | Where is Mars? Mars' period (its “year”) was noted by 

Kepler to be about 687 days (Earth days), which is (687 d/365 d) = 1.88yr 
(Earth years). Determine the mean distance of Mars from the Sun using the 
Earth as a reference. 
APPROACH We are given the ratio of the periods of Mars and Earth. We can 
find the distance from Mars to the Sun using Keplers third law, given the 
Earth-Sun distance as 1.50 < 10!m (Table 5~2; also Table inside front cover). 
SOLUTION Let the distance of Mars from the Sun be s„s, and the Earth-Sun 
distance be s;s = 1.50 x 10!'m. From Kepler”s third law: 


3ES Tp lyr 
So Mars is 1.52 times the Earth?s distance from the Sun, or 2.28 x 10!m. 


Kepler s Third Law Derived, Sun'“s Mass, Perturbations 


We will derive Kepler's third law for the speclal case of a circular orbit, im 
which case the mean distance s is the radius r of the circle. (Most planetary orbifs 
are close to a circle.) First, we write Newton”s second law of motion, 5F = ma. 
For Fwe use the law of universal pravitation (Eq. 5-4) for the force between the 
Sun and a planet of mass ;, and for z the centripetal acceleration, ø /r. We 
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assume the mass of the Sun Äs is much greater than the mass 0Ÿ 1ts planets, so we 
1pnore the effects of the planets on each other. Then 


»F = ma 
mmị Ms ‡ 

2 Ta 

lấT li 


Here 7m; 1s the mass of a particular planet, r¡ 1ts distance from the Sun, and 0 
1s speed In orbit; Ä⁄/s 1s the mass of the Sun, since It 1s the gravitational attraction 
of the Sun that keeps each planet in Its orbit. The period 7¡ of the planet 1s the 
time requrred for one complete orbit, which 1s a distance equal to 2zrr;, the crcum- 
ference of a circle. Thus 


— 27T 

Đị = T, : 
We substitute this formula for ¡ into the previous equation: 

G 1m == ¬. kưỂC 

li Tĩ 

We rearrange this to get 

1ï z 4m7 

yậ —¬6 M_ (S-7a) 


We derived this for planet 1 (say, Mars). The same derivation would apply for a 
second planet (say, Saturn) orbiting the Sun, 


T 4m7 


r3 _ GMs : 
where 7; and 7z; are the period and orbit radius, respectively, for the second 


planet. Since the right sides of the two previous equations are equal, we have 
T3/rịì = T?/r Or, rearranging, 


mÌ = 3Ì 5—7b 
1; s T2 l ( ) 


which 1s Kepler's third law. Equations 5—7a and 5—7b are valid also for elliptical 
Orbifs 1Ÿ we replace r with the semimaJOor aXIS s. 


EXAMPLE 5-14 | The Sun“s mass determined. Determine the mass of the 
Sun given the Earth's distance from the Sun as rp;s = 1.5 x 101m. 


APPROACH Equation 5—7a relates the mass of the Sun Ä⁄s to the period and 
distance of any planet. We use the Earth. 


SOLUTION The Earth's period is 7; = 1yr = (3652d)(24h/d)(3600 s/h) = 
3.16 x 107s. We solve Eq.5~7a for Ms: 


4nrặs 4mˆ(1.5 x 101 m)Ÿ 
GT} — (667 10'N-m”/kg?)(3.16 x 107$} 


Mẹ = = 2.0 x 109kg. 


Accurafte measurements on the orbits of the planets Iindicated that they did 
not precisely follow Kepler laws. For example, slipht deviations from perfectly 
elliptical orbits were observed. NÑewton was aware that this was to be expected 
because any planet would be afttracted gravitationally not only by the Sun but also 
(to a much lesser extent) by the other planets. Such deviations, or perfurbafions, 
in the orbit of Saturn were a hint that helped Newton formulate the law of 
universal gravitation, that all objects attract each other gravitationally. Observa- 
tion of other perturbations later led to the discovery of Neptune. Deviations 
in the orbit of Uranus could not all be accounted for by perturbations 
due to the other known planets. Careful calculation in the nineteenth century 
indicated that these deviations could be accounted for 1ƒ another planet existed 
farther out In the solar system. The position of this planet was predicted from 
the deviations In the orbit of Uranus, and telescopes focused on that reglon of 
the sky quickly found 1t; the new planet was called Neptune. Similar but much 
smaller perturbations of Neptune”s orbit led to the discovery of Pluto in 1930. 


Kepler third lau 
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Determiming the 
Sun s masS 


đÒpHvysics APPLIED 
Perturbations and 
discouery oƒplanets 
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$`*CAUTION 
Compare orbits oƒ objects 
only around the same cenfter 
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Planets around 
other stars 


FIGURE 5-30 Our solar system 
(a) 1s compared to recently 
discovered planets orbiting (b) the 
star Upsilon Andromedae with at 
least three planets. ¡ 1s the mass Of 
Jupiter. (Sizes are not to scale.) 
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Other Centers for Kepler s Laws 


The derivation of Eq. 5—7b, Kepler”s third law, compared two planets revolving 
around the Sun. But the derivation 1s seneral enough to be applied to other systems. 
For example, we could apply Eq. 5—7b to compare an artificial satellite and our 
Moon, both revolving around Earth (then Ä⁄ would be replaced by Mg, the mass 
of the Earth). Or we could apply Eq. 5—7b to compare two moons revolving around 
Jupiter. But Keplers thưrd law, Eq. 5—7b, applies only to obJects orbiting the same 
aftracting center. Do not use Eq. 5—7b to compare, say, the Moon'”s orbit around 
Earth to the orbit of Mars around the Sun: they depend on different attracting centers. 


Distant Planetary Systems 


Starting in the mid-1990s, planets revolving around distant stars (Fig. 5-30) 
were 1nferred from the regular “wobble” 1n position of each star due to the gøravi- 
tational attraction of the revolving planet(s). Many such “extrasolar” planets are 
now known. 
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Newton'“s Synthesis 


Kepler arrived at his laws through careful analysis of experimental data. 
Fifty years later, Newton was able to show that Kepler”s laws could be derived 
mathematically from the law of universal gravitation and the laws of motion. 
Newton also showed that for any reasonable form for the gravitational force law, 
only one that depends on the Inverse square of the distance 1s fully consistent 
with Kepler”s laws. He thus used Kepler”s laws as evidence In favor of his law of 
universal gravitation, Eq. 5-4. 

The development by Newton of the law of universal gravitation and the three 
laws of motlon was a maJjor Intellectual achievement. With these laws, he was 
able to describe the motion of obJects on Earth and of the far-away planets seen 
1n the night sky. The motlons of the planets through the heavens and of objects 
on Earth were seen to follow the same laws (not recognized previously). For this 
reason, and also because Newton 1ntegrated the results of earlier sclentists Into 
his system, we sometimes speak of NÑewton°s synthesis. 

The laws formulated by Newton are referred to as causal laws. By causalify we 
mean that one occurrence can cause another. When a rock strIkes a wIndow, We InÍer 
the rock causes the window to break. Thĩs idea of“cause and effect” relates to Newfton”s 
laws: the acceleration of an obJect was seen to be caused by the net force acting on 1t. 

As a result of Newton'”s theorles, the universe came to be viewed by many as 
a machine whose parfs move In a defterminisfic way. This deterministic view of the 
universe had to be modified In the twenftieth century (Chapter 28). 


Sun/Earth Reference Frames 


The geocentric-heliocentric controversy (page 125) may be seen today as a mafter of 
frame of reference. From the reference frame of Earth, we see the Sun and Moon 
as revolving around us with average periods of 24 h (= definition of 1 day) and 
almost 25 h, respectively, roughly in circles. The orbits of the planets as seen from 
Earth are very complicated, however. 

In the Sun”s reference frame, Earth makes one revolution (= definition of the 
year) in 365.256 days, in an ellipse that is nearly a circle. The Sun”s reference frame 
has the advantage that the other planets also have simple elliptical orbits. (Or nearly 
so——each planefs gravity pulls on the others, causing small perturbations.) The Sun”s 
vastly greater mass (> 10” X Earth's) allows it to be an easier reference frame to use. 

The Sun Itself (and the Earth with 1t) revolves around the center of our Galaxy 
(see Fig. 33—2 or 5—49) which 1tself moves relative to other galaxies. Indeed, there 1s 
no one reference frame that we can consider as preferred or central. 


xa. Earth (=0) FIGURE 5-31 Looking down on the plane of Earth”s orbit 
(a) Full moon e~ 5 mẽ ỒÍÖ ` —... .ến) around the Sun (not to scale), above Earth's north pole, showing 
_Ö_=-Q--T 7= 1da _—” ý our Moon making one revolution about Earth: (a) at a Full moon 
bộ Qub ung f \ _ RM Hổ P ~4Í (the red dot is an observer at about 6 PM who can Jusf see the Full 
\ }~“ ˆ 7 moon rise); (b) exactly one day later (for the red dot to see the 
(c) New moon @“ ú : Si 2Ñ Moon rise, the Earth must rotate another 50 min); (c) after making a 
\ ⁄“„⁄ “half revolution” the Moon 1s in line with the Sun, on the Sun”s side, 


⁄ „ 


(đ) Moon has made one full Đ. Eártf (27 32 d) 
revolution around Earth “ 


and is a New moon; (d) after the Moon makes one complete revolution 
: around Earth (sidereal period); (e) at the next Full moon (synodic 
7đ Earth (29.53 d)  period). At(a) and (e) there could be a lunar eelipse (Earth's shadow 
(e) Moon needs 2 more days % falling on the Moon) but this rarely happens because the plane of Moon”s 
to align (Full moon) orbit is inclined to the plane of Earth”s orbit, so the Moon is usually above or 
below the Earth's orbital plane. At (c) there could be a solar eclipse, also rare. 


5~9 Moon Rises an Hour Later Each Day 


From the Earth”s reference frame, our Moon revolves on average 1n 24 h, 50 min, 
which means the Moon rises nearly an hour later each day; and 1t 1s at 1ts highest 
pomt In the sky about an hour later each day. When the Moon 1s on the direct OppO- 
site side of Earth from the Sun, the Sun'”s light fully illuminates the Moon and we 
call it a Full moon (Fig. 5—31a). When the Moon 1s on the same side of the Earth 
as the Sun, and nearly aligned with both, we see the Moon as a thín sliver—mosf 
or all of it is in shadow (= a New moon). The phases of the Moon (new, first 
quarter, full, third quarter) take 1t from one Full moon to the next Full moon in 
29.53 days (= synodic period) on average, as seen from the Earth as reference frame 
(Eig. 5—31e). In the Sun”s frame of reference, the Moon revolves around the Earthin 
27.32 days (sidereal period, Fig. 5—-31d). This small difference arises because, when 
the Moon has made one complete revolution around the Earth, the Earth 1self 
has moved In 1s orbit relative to the Sun. So the Moon needs more time (* 2 days) 
to be fully aligned with the Sun and Earth and be a Full moon, Eig. 5—31e. The 
red dotn Eigs. 5—31a, b, and e represenfs an observer at the same location on Earth, 
which ín (a) is when the Full moon 1s rising and the Sun is Just setting. 


5-10 Types of Forces in Nature 


We have already discussed that Newton”s law of universal gravitation, Eq. 5-4, 
describes how a particular type of force——gravity——depends on the masses of the 
obJects involved and the distance between them. NÑewton”s second law, SE = mä, 
on the other hand, tells how an obJect will accelerate due to øwy type of force. But 
what are the types of forces that occur 1n nature besides øravity? 

In the twentieth century, physicists came to recogTn1ze four fundamental forces 
in nature: (1) the gravitational force; (2) the electromagnetic force (we shall see 
later that electric and magnetic forces are intimately related); (3) the strong nuclear 
force (which holds protons and neutrons topether to form atomic nuclei); and 
(4) the weak nuclear force (involved ïn radioactivity). In this Chapter, we dis- 
cussed the gravitational force 1n detail. The nature of the electromagnetic force 
wIll be discussed in Chapters 16 to 22. The strong and weak nuclear forces, which 
are điscussed in Chapters 30 to 32, operate at the level of the atomic nucleus 
and are much less obvious 1m our dally lives. 

Physicists have been working on theories that would unify these four forces—— 
that 1s, to consider some or all of these forces as đifferent manifestations of the 
same basic force. So far, the electromagnetic and weak nuclear forces have been 
theoretically united to form elecfro+eak theory, in which the electromagnetic and 
weak forces are seen as two aspecfs Of a sinele elecfroueaK ƒorce. Attempts to further 
unIfy the forces, such as mm grand unified theories (GUT), are hot research topics today. 

But where do everyday forces fit2 Ordinary forces, other than gravity, such as 
pushes, pulls, and other contact forces like the normal force and friction, are today 
considered to be due to the electromagnetic force acting at the atomrc level. For 
example, the force your fingers exert on a penclÏ 1s the result of electrical repulsion 


between the outer electrons of the atoms of your finger and those of the pencIl. SECTION5-10 129 


 Summary 


An obJject moving In a circle of radius r with constant speed 0 1s 
said to be In uniform circular mofion. It has a radial acceleration 
an that is directed radially toward the center of the circle (also 
called centripetal accelerafion), and has magnitude 


—R = —' (5-1) 


The velocity vector and the acceleration vector ẩg are continu- 
ally changing In direction, but are perpendicular to each other 
at each moment. 

A force is needed to keep an object revolving in a circle, 
and the direction of this force 1s toward the center of the circle. 
This force could be due to gravity (as for the Moon), to tension 
1n a cord, to a component of the normal force, or to another 
type of force or combination of forces. 

[fWhen the speed of circular motion is not constant, the 
acceleraton has tfwo components, tangential as well as 
centripetal.] 

Newtons law of universal sravifafion states that every 
particle In the universe attracts every other particle with a force 


proportional to the product of their masses and Inversely pro- 
portional to the square of the distance between them: 
THỊ Hạ 


r 


†q = Ơ (S-4) 
The direction of thís force is along the line Joining the two 
particles, and the force 1s always attractive. It 1s this pravitational 
force that keeps the Moon revolving around the Earth, and the 
planets revolving around the Sun. 

Satellites revolving around the Earth are acted on by 
øravity, but “stay up” because of their hiph tangential speed. 

Newton”s three laws of motion, plus his law of universal 
ØTavitation, consfituted a wide-ranging theory of the universe. 
With them, motion of obJects on Earth and in space could be 
accurately described. And they provided a theoretical base for 
Kepler”s laws of planetary mofion. 

The four fundamental forces in nature are (1) the gravi- 
tatlonal force, (2) the electromagnetic force, (3) the strong nuclear 
force, and (4) the weak nuclear force. The first two fundamental 
forces are responsible for nearly all “everyday” forces. 


 Questions 


1. How many “accelerators” do you have In your car? There 
are at least three confrols In the car which can be used to 
cause the car to accelerate. What are they? What accelera- 
tions do they produce? 


2. A car rounds a curve at a steady 50 km/h. If it rounds the 
same curve at a steady 70 km/h, wïll its acceleration be any 
different? Explain. 


3. WIII the acceleration of a car be the same when a car travels 
around a sharp curve at a constant 60km/h as when it 
travels around a gentle curve at the same speed? Explain. 


4. Describe all the forces acting on a child riding a horse on 
a merry-go-round. Which of these forces provides the 
centripetal acceleration of the child? 


5. A child on a sled comes flying over the crest of a small hill, 
as shown In Hig. 5-32. His sled does not leave the ground, 
but he feels the normal force between his chest and the sled 
decrease as he goes 
over the hill. Explain & 
ths decrease using Ằ% 


. 
Newton”s second law. xát s 
Ÿ “ch 
“ -Š: 


FIGURE 5—32 
Question 5. 


6. Sometimes ïf Is said that water is removed from clothes In 
the spin dryer by centrifugal force throwing the water 
outward. Is this correct? Discuss. 


7. A girl 1s whirling a ball on a string around her head in a 
hor1zontal plane. She wants to let go at precisely the ripht 
time so that the ball wïll hit a target on the other side of the 
yard. When should she let go of the string? 


§. A bucket of water can be whirled In a vertical circle with- 
out the water spilling out, even at the top of the circle when 
the bucket is upside down. Explain. 
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9. Astronauts who spend long periods In oufter space could be 
adversely affected by weightlessness. One way to simulate 
øTravity 1s to shape the spaceship like a cylindrical shell that 
rofates, with the astronauts 
walking on the Inside surface 
(Eig. 5-33). Explain how 
this simulates  gravity. 
Consider (z) how objecfs 
fall, (b) the force we feel 
on our feet, and (c) any 
other aspects Of øravity 
you can think oÝ. 


FIGURE 5-33 
Question 9. 


10. A car maintains a constant speed 0 as 1t traverses the hill 
and valley shown In Eig. 5-34. Both the hill and valley 
have a radius of curvature ®. At which poimnt, A, B, or C, 
1s the normal force acting on the car (2) the largest, 
(b) the smallest? Explain. (c) Where would the driver 
feel heaviest and (đ) lightest? Explain. (c) How fast can 
the car go without losing contact with the road at A? 


FIGURE 5-34 Ouestion 10. 


11. Can a particle with constant speed be accelerating? What If 
1t has constant velocity? Explain. 

12. Why do airplanes bank when they turn? How would you 
compute the banking angle given the airspeed and radius 
of the turn? [Hmr: Assume an aerodynamic “IIft” force 
acfs perpendicular to the wings. See also Example 5—7.] 


13 


14. 


15. 


16. 


17 


18. 


Does an apple exert a gravitational force on the Earth? If 
so, how large a force? Consider an apple (2) attached to a 
tree and (0) falling. 


. 


Why ¡s more fuel required for a spacecraft to travel from the 
Earth to the Moon than to return from the Moon to the Earth? 


'Would it require less speed to launch a satellite (2) toward 
the east or (b) toward the west? Consider the Earth”s rota- 
tion direction and explain your choIce. 


An antenna loosens and becomes detached from a satellite 
1n a circular orbit around the Earth. Describe the antenna”s 
subsequent motion. If1t wIl land on the Earth, describe where; 
1 not, describe how 1t could be made to land on the Earth. 


„ The Sun is below us at midnipht, nearly in line with the 
Earth”s center. Are we then heavier at midnipht, due to the 
Sun? gravitational force on us, than we are at noon? Explam. 


When wIll your apparent weipht be the øreatest, as meas- 
ured by a scale in a moving elevator: when the elevator 
(2) accelerates downward, (b) accelerates upward, (c) ïs in 
free fall, or (đ) moves upward at constant speed? (e) In 
which case would your apparent weight be the least? 
(0 When would it be the same as when you are on the ground? 
Explain. 


MisConceptual Questions 


19. 


20. 


21. 


22. 


23. 


The source of the Mississippi River 1s closer to the center 
of the Earth than ïs its outletin Louisiana (because the Earth 
1s fatter at the equator than at the poles). Explain how the 
Mississippi can flow “uphill.” 


People sometimes ask, “What keeps a satellite up In 1s orbit 
around the Earth?” How would you respond? 


Is the centripetal acceleration of Mars In 1s orbit around 
the Sun larger or smaller than the centripetal acceleration 
of the Earth? Explain. 


The mass of the “planet” Pluto was not known until 1t was 
discovered to have a moon. Explain how this enabled an 
estimate of Pluto°s mass. 


The Earth moves faster In 1ts orbit around the Sun in Jan- 
uary than in July. Is the Earth closer to the Sun In January, 
or in July? Explain. [Noứe: This is not much of a factor in 
producing the seasons—the main factor 1s the tilt of the 
Earth”s axIs relative to the plane of its orbit.] 


1 


‹ While driving fast around a sharp ripht turn, you find 
yourself pressing against the car door. What 1s happening? 
(2) Centrifugal force 1s pushing you Into the door. 

(Bb) The door 1s exerting a rightward force on you. 
(c) Both of the above. 
(đ) Neither of the above. 

.  Which of the following poïnt towards the center of the circle 

1n uniform circular motion? 

(a) Acceleration. 

(Bb) Velocity, acceleration, net force. 
(c) Velocity, acceleration. 

(đ) Velocity, net force. 

(c) Acceleration, net force. 

. A Ping-Pong ball is shot Into a circular tube that 1s lying 
flat (horizontal) on a tabletop. (4) 


When the Ping-Pong ball 
exIts the tube, which path 
WIll it follow in Eig. 5S—352 


FIGURE 5-35 


MisConceptual Question 3. 


track. 


(a) The cars acceleration 1s Zero. 


(b) 
<=€>(c) 
ZZ &, 


í ƒ (e) bái [men 


lỗi 
'U 


. A car drives aí s(eady speed around a perfectly circular 


(B) The net force on the car 1s Zero. 
(c) Both the acceleration and net force on the car poinf 


outward. 


(đ) Both the acceleration and net force on the car point 


1nward. 


(e) If there is no friction, the acceleration 1s outward. 


5. 


A child whirls a ball im a vertical circle. Assuming the speed 

of the ball is constant (an approximation), when would the 

tension in the cord connected to the ball be greatest? 

(a) At the top of the circle. 

(5) At the bottom of the circle. 

(c) A little after the bottom of the cirele when the ball 1s 
climbing. 

(đ) A litle before the bottom of the circle when the ball is 
descending quickly. 

(c) Nowhere; the cord is stretched the same amount at all 
points. 


. In a rotating vertical cylinder (Rotor-ride) a rider finds 


herself pressed with her back to the rotating wall. Which 1s 
the correct free-body diagram for her (Fig. 5—36)? 


(4) (b) (c) (4) (e) 


FIGURE 5-36 MisConceptual Question 6. 


. The Moon does not crash into the Earth because: 


(a) the net force on ïf 1s Zero. 

() 1t 1s beyond the main pull of the Earth”s gravity. 

(c) 1t 1s being pulled by the Sun as well as by the Earth. 
(đ) 1t is freely falling but 1t has a high tangential velocity. 


1ã1 


MisConceptual Ouestions 


§. Which pulls harder gravitationally, the Earth on the Moon, 


10. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


or the Moon on the Earth? Which accelerates more? 
(4) The Earth on the Moon; the Earth. 

(5) The Earth on the Moon; the Moon. 

(c) The Moon on the Earth; the Earth. 

(đ) The Moon on the Earth; the Moon. 

(c) Both the same; the Earth. 

(0 Both the same; the Moon. 


. In the International Space Station which orbits Earth, 


astronauts experience apparent weightlessness because 

(2) the station 1s so far away from the center of the Earth. 

(B) the station is kept in orbit by a centrifugal force that 
counteracts the Earth”s øgravIty. 

(c) the astronauts and the station are In free fall towards 
the center of the Earth. 

(đ) there is no øravity In space. 

(e) the station”s high speed nullifies the effects of gravity. 

Two satellites orbit the Earth in circular orbits of the same 

radius. Ône satellite 1s twice as massive as the other. Which 

statement Is true about the speeds of these satellites? 

(a) The heavier satellite moves twice as fast as the liphter one. 

(b) The two satellites have the same speed. 

(c) The lighter satellite moves twice as fast as the heavier one. 

(đ) The ratio of their speeds depends on the orbital radius. 


11. 


*12. 


A space shuttle in orbit around the Earth carries Its payload 
with 1ts mechanical arm. Suddenly, the arm malfunctions and 
releases the payload. What wIll happen to the payload? 

(a) It wiIH fall straight down and hit the Earth. 

() It will follow a curved path and eventually hit the Earth. 
(c) It will remain in the same orbit with the shuttle. 

(đ) It wilI drift out into deep space. 


A penny 1s placed on a turntable 
which 1s spinning clockwise as shown 
in Fig. 5-37. If the power to the 
turntable 1s turned off, which arrow 
best represents the direction of the 
acceleration of the penny at point P 
while the turntable is still spinning 
but slowing down? 


lung 


(2) () ( () 


FIGURE 5-37 
MisConceptual 
Question 12. 


G) 


j Problems 


B5-1to 5-3 Uniform Circular Motion 
T1. 


() A child sitting 1.20 m from the center of a merry-go- 
round moves with a speed of 1.10 m/s. Calculate (z) the 
centripetal acceleration of the child and (5) the net hori- 
zontal force exerted on the child (mass = 22.5 kg). 


. ) A jet plane traveling 1890 km/h (525 m/s) pulls out of 


a dive by moving In an arc of radius 5.20 km. What 1s the 
plane”s acceleration In ø”s? 


. ()A horizontal force of 310N 1s exerted on a 2.0-kg ball 


as 1t rotates (at arm”s length) uniformly in a horizontal circle 
of radius 0.90 m. Calculate the speed of the ball. 


„ (H) What 1s the magnitude of the acceleration of a speck 


of clay on the edge of a potter”s wheel turning at 45 rpm 
(revolutions per minute) if the wheel's diameter 1s 35 cm? 


. DA 0.55-kg ball, attached to the end of a horizontal 


b 


cord, is revolved In a cirele of radius 1.3 m on a frictionless 
hor1zontal surface. If the cord will break when the tension 1n 
1t exceeds 75 N, what is the maximum speed the ball can have? 
(ID) How fast (in rpm) must a centrifuge rotate If a particle 
7.00 cm from the axis Of rofation 1s to experlence an accel- 
eration of 125,000 gs? 


. (I)A car drives straight down toward the bottom of a valley 


and up the other side on a road whose bottom has a radius of 
curvature of 115 m. At the very bottom, the normal force on the 
driver 1s twice his weight. At what speed was the car traveling? 


. (ID) How large must the coefficilent of static friction be 


between the tires and the road 1Ÿ a car is to round a level 
curve of radius 125 m at a speed of 95 km/h? 


. (ID What ¡is the maximum speed with which a 1200-kg car 


can round a turn of radius 90.0m on a flat road If the 
coefficlent of friction between tires and road 1s 0.652 Is 
this result independent of the mass of the car? 
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10. 


11. 


13. 


(TA bucket of mass 2.00 kg is whirled in a vertical circle of 
radius 1.20 m. At the lowest point oŸ1ts motion the tension 
in the rope supporting the bucket is 25.0N. (z) Find the 
specd of the bucket. (5) How fast must the bucket move at 
the top of the circle so that the rope does not go slack? 

(II How many revolutions per minute would a 25-m- 
diameter Ferris wheel need to make for the passengers to 
feel “weightless” at the topmost point? 

()A jet pilot takes his aircraft in a vertical loop (Fig. 5-36). 
(a) If the Jet is moving at a speed of §40km/h at the 


lowest point of the loop, determine —— 
the minimum radius of the 
cirele so that the centripetal 
acceleration at the lowest point 
does not exceed 6.0 g3. (b) Cal- 
culate the 78-kg pilot's effective 
weipht (the force with which the 
seat pushes up on him) at the 
te>- 


bottom of the circle, and (c) at 

the top of the circle (assume FIGURE 5-38 
the same speed). Problem 12. 
(II) A proposed space station consists of a circular tube that 
wIll rotate about 1s cenfter 
(Ike a tubular bicycle tire), 
Fig. 5—39. The circle formed by 
the tube has a diameter of 
1.1 km. What must be the rota- 
tion speed (revolutions per day) 
1Ý an effect nearly equal to 
gravity at the surface of the 
Earth (say, 0.90 ø) 1s to be felt? 


FIGURE5-39 Problem 13. 


14. (II) On an ice rink two skaters of equal mass grab hands and 


15. 


16 


17. 


FIGURE 5-41 


spIn In a mutual circle once every 2.5 s. IÝ we assume thelr 
arms are each 0.80 m long and theïr Individual masses are 
55.0 kg, how hard are they pulling on one another? 

I) A coïn ¡s placed 13.0 em from the axis of a rotating 
turntable of variable speed. When the speed of the turn- 
table is slowly increased, the coin remains fixed on the 
turntable until a rate of 38.0 rpm (revolutions per minute) 
1s reached, at which point the coin slides off. What 1s 
the coefficient of statie friction between the coin and the 
turntable? 

(H) The design of a new road includes a straipht stretch that 
1s horizontal and flat but that suddenly dips down a steep hill 
at 18°. The transi- 
ton should — be 
rounded with what 
minimum radius so 
that cars traveling 
95km/h will not 
leave the road 
(Fig. 5-40)? 


FIGURE 5-40 
Problem 16. 


(IH) Two blocks, with masses #4 and p, are connected 
to each other and to a central post by thin rods as 
shown In Hg. 5—41. The blocks revolve about the post at the 
same frequency ƒ(revolutions per second) on a frictionless 
horizontal surface at distances rA and rp from the post. 
Derive an algebralc expression for the tension In each 
rod. 


mm—H `): 
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18. (II) Tarzan plans to cross a øoree by swinging ¡in an arc 


19. 


from a hanging vine (Fig. 5-42). 
lf his arms are capable of 
exerting a force of 1150N on 
the vine, what 1s the maximum 
speed he can tolerate at the 
lowest point of his swing? His 
mass Is 78 kg and the vine 1s 
4.7 m long. 


FIGURE 5-42 
Problem 18. 


(I A 975-kg sports car (including driver) crosses the 
rounded top of a hill (radius = 88.0m) at 18.0 m/s. Deter- 
mine (2) the normal force exerted by the road on the car, 
(b) the normal force exerted by the car on the 62.0-kg 
driver, and (c) the car speed at which the normal force on 
the driver equals zero. 


20. 


21. 


22. 


23. 


(H) Highway curves are marked with a susgested speed. If this 
specd 1s based on what would be safe in wet weather, estImate 
the radius of curvature for an unbanked curve marked 
50 km/h. Use Table 4-2 (coefficients of friction). 

(M) A pilot performs an evasive maneuver by diving verti- 
cally at 270 m/s. If he can withstand an acceleration of 
8.0 øgs without blacking out, at what altitude must he begin 
to pull his plane out of the dive to avoid crashing Into the sea? 
(HH) Tf a curve with a radius of 95 m is properly banked 
for a car traveline 65 km/h, what must be the coefficient of 
static friction for a car not to skid when traveling at 95 km/h? 
(TH) A curve of radius 78 m is banked for a desien speed 
of 85 km/h. If the coefficient of static friction is 0.30 (wet 
pavement), at what range of speeds can a car safely make 
the curve? [Hmr: Consider the direction of the friction 
force when the car goes too slow or too fast.] 


*5—-4 Nonuniform Circular Motion 


*2A. 


Tân: 


*26. 


+27, 


(D Determine the tangential and centripetal components 
of the net force exerted on the car (by the ground) in 
Example 5—8 when its speed is 15 m/s. The carˆs mass is 950 kơ. 
(H) A car at the Indianapolis 500 accelerates uniformly from 
the pit area, going from rest to 270 km/h in a semicircular 
arc with a radius of 220 m. Determine the tangential and 
radial acceleration of the car when it 1s halfway through 
the arc, assuming constant tangential acceleration. If the 
curve were flat, what coefficient of static friction would be 
necessary between the tires and the road to provide this 
acceleration with no slipping or skidding? 

(II) For each of the cases described below, sketch and label 
the total acceleration vector, the radial acceleration vector, 
and the tangential acceleration vector. (2) A car Is 
accelerating from 55 km/h to 70 km/ñh as it rounds a curve 
Of constant radius. (b) A car is going a constant 65 km/ñh as 
1t rounds a curve of constant radius. (c) A car slows down 
while rounding a curve of constant radius. 

(HI A partiele revolves in a horizontal cirele of radius 
1.95 m. At a particular instant, is acceleration ¡s 1.05 m/ S2, 
1n a đirection that makes an angle of 25.0° to 1s direction 
of motion. Determine its speed (ø) at this moment, and 
(ð) 2.00 s later, assuming constant tangential acceleration. 


5—5 and 5-6 Law of Universal Gravitation 


28. 


29. 


30. 


3 


32. 


(D Calculate the force of Earth”s gravity on a spacecraft 
2.00 Earth radii above the Earth?s surface 1Ý Its mass 1s 
1850 kg. 


(D At the surface of a certain planet, the gravitational accel- 
eration øg has a magnitude of 12.0m/s”. A 24.0-kg brass 
ball ïs transported to this planet. What is (2) the mass of the 
brass ball on the Earth and on the planet, and (b) the weight 
of the brass ball on the Earth and on the planet? 

(T) At what distance from the Earth will a spacecraft trav- 
eling directly from the Earth to the Moon experlence zero 
net force because the Earth and Moon pull in opposite 
directions with equal force? 

(TT) Two objects attract each other gravitationally with a 
force of 2.5 x 101N when they are 0.25 m apart. Their 
total mass 1s 4.00 kg. Find therr individual masses. 

(T) A hypothetical planet has a radius 2.0 times that of 
Earth, but has the same mass. What is the acceleration due 
tO øravIty near 1fs surface? 
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Problems 


33. (II) Calculate the acceleration due to gravity on the Moon, 
which has radius 1.74 x 10m and mass 7.35 x 10” kg. 


34. (I1) Estimate the acceleration due to gravity at the surface 
of Europa (one of the moons of Jupiter) given that is 
mass is 4.9 x 102kg and making the assumption that 
1ts mass per unit volume 1s the same as Earth”s. 

35. (I1) Given that the acceleration of gravity at the surface of 
Mars 1s 0.38 of what it is on Earth, and that Mars” radius 1s 
3400 km, determine the mass of Mars. 

36. (II) Find the net force on the Moon (xw = 7.35 x 10kg) 
due to the gravitational attraction of both the Earth 
(mpẹ = 5.98 x 10”!kg) and the Sun (zs = 1.99 x 109kg), 
assuming they are at ripht angles to each other, Fig. 5—43. 


F 
Moon ME 


@ Earth 


TY) 


@ Sun 


37. (ID A hypothetical planet has a mass 2.80 times that of 
Earth, but has the same radius. What 1s ø near 1fs surface? 


38. (II) If you doubled the mass and tripled the radius of a 
planet, by what factor would ø at 1ts surface change? 


FIGURE 5-43 Problem 36. 
Orientation of Sun (S), Earth (E), 
and Moon (M) at right angles to 
each other (not to scale). 


39. (II) Calculate the effective value of ø, the acceleration of 
gravity, at (a) 6400 m, and (5) 6400 km, above the Earth”s 


surface. 


Dù 


40. (II) You are explaining to friends why an astronaut feels 
weiphtless orbiting In the space shuttle, and they respond 
that they thoupht gravity was just a lot weaker up there. 
Convince them that it isnt so by calculating how much 
weaker (in %) gravity is 380 km above the Earth's surface. 


4i. (II) Every few hundred years most of the planets line up 
on the same side of the Sun. Calculate the total force on 
the Earth due to Venus, Jupiter, and Saturn, assuming all 
four planets are In a line, Fig. 5-44. The masses are 
1v — 0.815 tr, ị — 318 Ứ†ẸE, PSạt — 951 1g, and the 
mean distances of the four planets from the Sun are 
108, 150, 778, and 1430 million km. What fraction of the 
Sun”s force on the Earth 1s this? 


ve DŠ 5 ‹* «* 
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FIGURE 5-44 Problem 41 (not to scale). 


42. (II) Four 7.5-kg spheres are located at the corners of a 
square of side 0.80 m. Calculate the magnitude and direc- 
tion of the pravitational force exerted on one sphere by the 
other three. 
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43. (II) Determine the distance from the Earths center to a 
pomt outside the Earth where the gravitational acceleration 
due to the Earth is ¡p of its value at the Earth's surface. 

44. (IL A certain neutron star has five times the mass of our 
Sun packed Into a sphere about 10 km in radius. Estimate 
the surface øravity on this monster. 


5-7 Satellites and Weightlessness 


45. ( A space shuttle releases a satellite into a circular orbit 
780 km above the Earth. How fast must the shuttle be 
moving (relative to Earth”s center) when the release occurs? 


4ó. () Calculate the speed of a satellite moving in a stable 


circular orbit about the Earth at a height of 4800 km. 


47. (II) You know your mass is 62 kg, but when you stand on a 
bathroom scale In an elevator, It says your mass 1s 77 kg. 
What is the acceleration of the elevator, and in which 
direction? 


48 


(H) A 12.0-kg monkey hangs from a cord suspended from 
the ceiling of an elevator. The cord can withstand a tension 
of 185N and breaks as the elevator accelerates. What 
was the elevator”s minimum acceleration (magnitude and 
direction)? 

49. (II) Calculate the period of a satellite orbiting the Moon, 
95 km above the Moons surface. Ipnore effects of the 
Earth. The radius of the Moon 1s 1740 km. 


50. (II) Two satellites orbit Earth at altitudes of 7500 km and 
15,000 km above the Earth”s surface. Which satellite 1s faster, 
and by what factor? 


(ID) What will a spring scale read for the weight of a 58.0-kg 
woman in an elevator that moves (z) upward with constant 
speed 5.0 m/s, (5) downward with constant speed 5.0 m/s, 
(c) with an upward acceleration 0.23 g, (đ) with a downward 
acceleration 0.23 g, and (e) in free fall? 


51 
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(II) Determine the time ït takes for a satellite to orbit the 
Earth in a circular near-Earth orbi(. A “near-Earth” orbit 
1s at a heipht above the surface of the Earth that 1s very 
small compared to the radius of the Earth. [Hnr: You may 
take the acceleration due to øravity as essentially the same as 
that on the surface.| Does your result depend on the mass 
of the satellite? 


53. (II) What is the apparent weiph( of a 75-kpg astronaut 
2500 km from the center of the Moon In a space vehicle 
(z) moving at constant velocity and (b) acceleratins toward 
the Moon at 1.8 m/s”? State “direction” in each case. 


54. (I) A Ferris wheel 22.0 m in diameter rotates once every 
12.5 s (see Fig. 5—9). What is the ratio of a person”s apparent 
weight to her real weight at (2) the top, and (5) the bottom? 


55. (IH) At what rate must a cylindrical spaceshIp roftafte 1ƒ occu- 
panfs are to experience simulated gravity of 0.70 g2 Assume 
the spaceship's điameter is 32 m, and øIve your answer as 
the time needed for one revolution. (See Question 9, 
Fig 5-33.) 

(HI) (az) Show that if a satellite orbits very near the surface 
of a planet with period 7; the density (= mass per unit 
volume) of the planet is ø = m/W = 3z/GT”. (b) Esti- 
mate the density of the Earth, given that a satellite near 
the surface orbits with a period of 85 min. Approximate 
the Earth as a uniform sphere. 
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5-8 Kepler's Laws 


57. 


58. 


59 


60 


61. 


62 


(D Neptune is an average distance of 4.5 < 10?km from the 
Sun. Estimate the length of the Neptunian year using the 
fact that the Earth is 1.50 < 10 km from the Sun on average. 


(ID The as/eroid Icarus, though only a few hundred meters 
across, orbifs the Sun like the planets. Its period is 410 d. 
'What 1s 1ts mean distance from the Sun? 

(DÐ Use Kepler”s laws and the period of the Moon (27.4 d) 
to determine the perlod of an artificial satellite orbiting 
very near the Earth”s surface. 

(II) Determine the mass of the Earth from the known 
period and distance of the Moon. 

(I) Our Sun revolves about the center of our Galaxy 
(mẹ 4 x 10! kg) at a distance of about 3 x 10 light- 
years [1ly = (3.00 < 10Ÿm/3) - (3.16 < 107s/yr) - (1.00 yr)]. 
What 1s the period of the Sun's orbital motion about the 
center of the Galaxy? 

(II) Table 5-3 gives the mean distance, period, and mass 
for the four largest moons of Jupiter (those discovered by 
Galileo in 1609). Determine the mass of Jupiter: (z) using 
the data for Io; (5) using data for each of the other three 
moons. Are the results consistent? 


TABLE 5-3 Principal Moons of Jupiter 


(Problems 62 and 63) 
Period Mean distance 
Moon Mass (kg) (Earth days) from Jupifer (km) 
lo 8.9 x 1022 1/77 422 x 10 
Europa 4.9 x 10? 3.55 671 x 10Ỷ 
Ganymede l§ Xx 102 7.16 1070 x 10Ỷ 
Callisto 11 x102 16.7 1883 x 10 


63. 


64. 


65. 


66. 


(H) Determine the mean distance from Jupiter for each of 
Jupiter”s principal moons, using Kepler”s third law. se the 
đistance of lo and the periods g1ven in Table 5—3. Compare 
your results to the values in Table 5—3. 


(H) Planet A and planet B are ïn circular orbits around a 
distant star. Planet A 1s 7.0 times farther from the star than 
1s planet B. What is the ratio of their speeds 0A /0p ? 


(I) Haley% comet orbits the Sun rougphly once every 
76 years. It comes very close to the surface of the Sun on 
Ifs closest approach (Fig. 5-45). Estimate the greatest 
distance of the comet from the Sun. Is it stil “in” the 
solar system? What planefts orbit is nearest when If is out 
there? 


———_— — 


Halley'scomet  —N 
Sun Z7 

FIGURE 5-45 _Z 
Problem 65. “ung 


(HD The comet Hale-Bopp has an orbital period of 
2400 years. (z) What is its mean distance from the Sun? (b) At 
1s closest approach, the comet is about 1.0 AŨ from the Sun 
(1 AU = distance from Earth to the Sun). What ¡is the 
farthest distance? (c) What is the ratio of the speed at the 
closest point to the speed at the farthest point? 


Ï General Problems 


617. 


68 


69 


70. 


Calculate the centripetal acceleration of the Earth im Its 
orbit around the Sun, and the net force exerted on the 
Earth. What exer(s this force on the Earth? Assume that 
the Earth's orbit is a circle of radius 1.50 x 10m. 

A flat puck (mass M⁄) 1s revolved in a cirele on a frictionless 
air hockey table top, and is held in this orbit by a massless cord 
which is connected to a dangling mass (mass 7) through a 
cenfral hole as shown In Elg. 5—46. Show that the speed of 
the puck is given by  = VngR/M. 


FIGURE 5-46 Problem 68. 


A device for training astronauts and Jjet fighter pilots 1s 
desipned to move the trainee in a horizontal circle of 
radius 11.0 m. TỶ the force felt by the trainee 1s 7.45 times 
her own weipht, how fast is she revolving? Express your 
answer in both m/s and rev/s. 

A 1050-kg car rounds a curve of radius 72 m banked at an 
angle of 14°. If the car is traveling at 85 km/h, wll a friction 
force be required? TỶ so, how much and In what direction? 


31. 


T2. 


In a “Rotor-ride” at a carnival, people rotate in a vertical 
cylindrically walled “room.” (See Fig. 5-47.) If the room 
radius Is 5.5m, and the rotation frequency 0.50 revolu- 
tions per second when the floor drops out, what minimum 
coefficient of static friction keeps the people from slipping 
down? People on this ride said they were “pressed against 
the wall.” Is there really an outward force pressing them 
agaInst the wall? If so, what 1s 1s source? IÝ not, what 1s 
the proper description of their situation (besides nausea)? 
[Himr: Draw a free-body diagram for a person.] 


FIGURE 5—47 
Problem 71. 


'While fishing, you get bored and sftart to swing a sinker 
weipht around In a circle below you on a 0.25-m pliece of 
fishing line. The weight makes a complete circle every 
0.75 s. What 1s the angle that the fishing line makes with 
the vertical? [Himr: See Fig. 5—10.] 
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General Problems 


73. 


74. 


TÐi 


76. 


71. 


78. 


Vi 


80. 


§1. 


82. 


At what minimum speed 
must a roller coaster be 
traveling so that passen- 
gers upside down at 
the top of the circle 
(Hig. 5-48) do not fall 
out? Assume a radius of 
curvature of 8.6 m. 


FIGURE 5—48 
Problem 73. 


Consider a train that rounds a curve with a radius of 
570 m at a speed of 160 km/h (approximately 100 mi/h). 
(4a) Calculate the fricion force needed on a train pas- 
senger of mass 55 kg If the track 1s not banked and the 
tran does not tilt. (5) Calculate the friction force on 
the passenger If the train tilts at an angle of 8.0 toward the 
center of the curve. 


Two equal-mass stars maintain a constant distance apart 
of 8.0 < 101m and revolve about a point midway between 
them at a rate of one revolution every 12.6 yr. (2) Why 
don't the two sfars crash into one another due to the 
øravitational force between them? (5) What must be the 
mass Of each star? 


How far above the Earth”s surface will the acceleration of 
øravity be half what 1t 1s at the surface? 


Is it possible to whirl a bucket of water fast enough in a 
vertIcal circle so that the water wonft fall out? If so, what 
1s the minimum speed? Define all quantities needed. 


How long would a day be 1 the Earth were rotating so fast 
that obJects at the equator were apparently weightless? 


The rings öƒ Safurn are composed of chunks oŸ Ice that 
orbit the planet. The Inner radius of the rings 1s 73,000 km, 
and the outer radius is 170,000 km. Find the period of an 
orbiting chunk of Ice at the Inner radius and the period of 
a chunk at the outer radius. Compare your numbers with 
Saturn's own rotation period of 10 hours and 39 minutes. 
The mass of Saturn is 5.7 x 105 kg. 


During an 4polo lunar landing mission, the command 
module continued to orbit the Moon at an altitude of about 
100 km. How long did it take to go around the Moon once? 


The Navstar Global Posifioning System (GPS) utilizes a 
group of 24 satellites orbiting the Earth. sing “triang- 
ulaton” and sipnals transmitted by these satellites, the 
position of a receiver on the Earth can be determined to 
within an accuracy of a few centimeters. The satellite orbits 
are distributed around the Earth, allowing continuous 
navigational “fixes.” The satellites orbit at an altitude 
of approximately 11,000 nautical miles [1 nautical mile = 
1.852 km = 6076 ft]. (z) Determine the speed of each 
satellite. (b) Determine the period of each satellite. 


The Near Earth Asteroid Rendezuous (NEAR) spacecraft, 
after traveling 2.1 billion km, 1s meant to orbit the asteroid 
Eros with an orbifal radius of about 20km. ETros 1s 
rouphly 40 km 6km X 6 km. Assume Eros has a density 
(mass/volume) of about 2.3 x 10°kg/mỶ. (z) If Eros 
were a sphere with the same mass and density, what would 
1ts radius be? (b) What would g be at the surface of a 
spherical Eros? (c) Estimate the orbital period of VNE4AR 
as 1t orbits Eros, as 1ƒ Eros were a sphere. 
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83. 


S5. 


86. 


87 


° 


88. 


89. 


A train traveling at a constant speed rounds a curve of 
radius 215 m. A lamp suspended from the ceiling swings 
out to an angle of 16.5 throuphout the curve. What 1s the 
specd of the train? 


. The Sun revolves around the center of the M//ky Way Galaxy 


(Eig. 5-49) at a distance of about 30,000 light-years from 
the center (1 ly = 9.5 x 101m). Tf it takes about 200 mil- 
lion years to make one revolution, estimate the mass Of our 
Galaxy. Assume that the mass distribution of our Galaxy 
1S concenfrated mostly In a central uniform sphere. If all the 
stars had about the mass of our Sun (2 x 10kg), how 
many stars would there be in our Galaxy? 


«———30,000 ly———— 


FIGURE 5-49 Edge-on view of our galaxy. 
Problem 84. 


A satellite of mass 5500 kg orbits the Earth and has a period 
of 6600 s. Determine (ø) the radius of its circular orbit, 
(b) the magnitude of the Earth”s gravitational force on the 
satellite, and (c) the altitude of the satellite. 

Astronomers using the Hubble Space Telescope deduced 
the presence of an extremely massive core In the distant 
galaxy MS7, so dense that it could be a black hole (from 
which no light escapes). They did this by measuring the speed 
of gas clouds orbiting the core to be 780 km/s at a distance 
of 60 light-years (= 5.7 < 10m) from the core. Deduce 
the mass of the core, and compare it to the mass Of our Sun. 
Suppose all the mass of the Earth were compacted Into a 
small spherical ball. What radius must the sphere have so 
that the acceleration due to gravity at the Earth's new 
surface would equal the acceleration due to gravity at the 
surface of the Sun? 

A sclence-fiction tale describes an artificial “planet” in the 
form of a band completely encircling a sun (Fig. 5—50). The 
inhabitants live on the Inside surface (where Iïf is always 
noon). Imagine that this sun ¡is exactly like our own, that 
the distance to the band 1s the same as the Earth-Sun 
distance (to make the climate livable), and that the ring 
rofates quickly enough to produce an apparent øravity O ø 
as on Earth. What will be the period of revolution, this 
planets year, in Earth days? 


FIGURE 5—50 
Problem 88. 


An asteroid of mass # 1s In a circular orbit of radius r 
around the Sun with a speed o. It has an impact with 
another asteroid of mass M⁄ and ¡s kieked Into a new cIrcu- 
lar orbit with a speed of 1.5 ø. What 1s the radius of the new 
orbit in terms OŸ r2 


#90. se dimensional analysis (Section 1—8) to obtain the form 


for the centripetal acceleratlon, nạ = U°/r. 


[ Search and Learn 


1. 


Reread each Example in this Chapter and identify (1) the 
object undergoing centripetal acceleration (ïf any), and 
(1) the force, or force component, that causes the circular 
motion. 

Redo Example 5-3, precisely this time, by not ignoring 
the weight of the ball which revolves on a string 0.600 m 
long. In particular, find the magnitude of Er, and the 
angle it makes with the horizontal. [Hnr: Set the horizon- 
tai component of Er equal to zz4g; also, since there is 
no vertical motion, what can you say about the vertical 
component of Ê+ ?] 

A banked curve of radius # in a new hiphway 1s designed 
so that a car traveling at speed œạ can negofiate the turn 
safely on glare Ice (zero friction). If a car travels too sÏowly, 
then it will slip toward the center of the circle. If it travels 
too fast, 1t will slip away from the center of the circle. If 
the coefficlent of static friction Increases, it becomes possi- 
ble for a car to stay on the road while traveling at a speed 
within a range from mịn fO max. Derive formulas ÍOT Đmin 
and max 4s functions oŸ y, ạ, and Â. 

Earth is not quite an immertial frame. We often make 
measurements In a reference frame fixed on the Earth, 
assuming Earth is an inertial reference frame [Section 4-2]. 
But the Earth rofates, so this assumption 1s not quite valid. 
Show that this assumption 1s off by 3 parts In 1000 by calcu- 
lating the acceleration of an object at Earth's equator due to 
Earth's daily rotation, and compare to øg = 9.80 m/sỞ, the 
acceleration due to øTavVIty. 

A certain white dwarf star was once an average star like 
our Sun. But now it is In the last stage of 1ts evolution and 
1s the s1ze of our Moon but has the mass of our Sun. 
(a) Estimate the acceleration due to gravity on the surface 
of this star. (b) How much would a 65-kg person weigh on 
this star? Give as a percentage of the person's weight on 
Earth. (c) What would be the speed of a baseball dropped 
from a heipht of 1.0 m when it hit the surface? 


ANSWERS TO EXERCISES 
A: (a). 
B: (4đ). 
C: (2). 


6. Jupiter 1s about 320 times as massive as the Earth. Thus, 1t 


has been claimed that a person would be crushed by the 
force of gravity on a planet the size of Jupiter because 
people cannot survive more than a few gs. Calculate the 
number of øgs a person would experience at Jupiters 
equator, using the following data for Jupiter: mass = 
1.9 x 107kg, equatorial radius = 7.1 x 10km, rotation 
period = 9hr 55 mm. Take the centripetal acceleration Into 
account. [See Sections 5—2, 5—6, and 5—7.] 


. A plumb bob (a mass ø hanging on a string) ¡s deflected 


from the vertical by an angle Ø due to a massive mounftain 
nearby (Fig. 5—51). (z) Find an approximate formula for Ø 
1n terms of the mass of the mountain, 7z, the distance to 
1s center, J„;, and the radius and mass of the Earth. 
(b) Make a rough estimate of the mass of Mt. Everest, 
assuming 1t has the shape of a cone 4000 m high and base 
of diameter 4000 m. Assume 1s mass per unit volume 1s 
3000 kg per mỶ. (c) Estimate the angle Ø of the plumb bob 
1ƒ 1t is 5 km from the center of Mt. Everest. 


\ . .*“. ^t 


FIGURE 5—51 Search and Learn 7. 


8. (4) Explain why a Full moon always rises at sunset. (b) Explain 


how the position of the Moon mm Fig. 5—31b cannot be seen 
yet by the person at the red dot (shown at 6 PM). (c) Explain 
why the red dot is where it is in parfs (b) and (e), and show 
where ¡it should be in part (d). (đ) PRETTY HARD. Determine 
the average period of the Moon around the Earth (sidereal 
period) startine with the synodic period of 29.53 days as 
observed from Earth. [Hmr: First determine the angle of the 
Moon in Fig. 5—31e relative to “horizontal,” as in part (a).] 


D: No. 
E: øg would double. 
E: (0). 
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Thịs baseball pitcher 1s about to accelerate the 
baseball to a high velocity by exerting a force on 1t. 
He will be doing work on the ball as he exerts the 
force over a displacement of perhaps several meters, 
from behind his head until he releases the ball with 
arm outstretched In front of him. The total work done 
on the ball will be equal to the kinetic energy (5 zz»”) 
acqurred by the ball, a result known as the 


work-energy principle. 
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CHAPTER-OPENING QUESTION—Guess now! 


A skler starts at the top of a hill. On which run does her 
øravitational potential energy change the most: (a), (b), 
(€), or (đ); or are they (e) all the same? On which run 
would her speed at the bottom be the fastest 1Ÿ the runs are 
Icy and we assume no friction or aIr resistance? RecogTn1z- 
1ng that there 1s always some fẨriction, answer the above two 
quesfions again. List your ÍOur answers now. 


CONTENTS 


'Work Done by a Consfant Force 
'Work Done by a Varying Force 


Kinetic Energy, and the 
'Work-Energy Principle 
Potential Energy 
Conservative and 
Nonconservative Forces 
Mechanrical Energy and 

1ts Conservation 

Problem Solving Using 
Conservation of Mechanical 
Energy 

Other Forms of Energy and 
Energy Transformations; The 
Law of Conservation of Energy 
Energy Conservation with 
Dissipative Forces: Solving 
Problems 


Power 


Displacement 


ồm HH mmm mm HHm HH mm mm nmồm— 


E Intermediate 
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XMp\ 
ntil now we have been studying the translational motion of an obJect in 
terms of Newton”s three laws of motion. In that analysis, ƒorce has played 
a central role as the quantity determining the motion. In this Chapter 

and the next, we discuss an alternative analysis of the translational motion of 
obljects In terms of the quantiles e#erey and mømentum. The sipgmiiicance oŸ 
energy and momentum 1s that they are conserued. That 1s, in quite general c1r- 
cumsftances they remain constant. That conserved quanftifies exIst ø1ves us not only 
a deeper Insipht Into the nature of the world, but also ø1ves us another way to 
approach solving practical problems. 

The conservation laws of energy and momentum are especially valuable In 
dealing with systems of many obJects, in which a detailed consideration of the 
forces Iinvolved would be difficult or impossible. These laws apply to a wide 
range of phenomena. They even apply in the atomic and subatomic worlds, where 
Newton's laws are not sufficient. 

This Chapter 1s devoted to the very important concept oŸ ezergy and the 
closely related concept of ›øork. These two quantities are scalars and so have no 
đirection associated with them, which often makes them easIler to work with than 
vector quantifies such as acceleration and force. 


Fcos 0= 
d 


6—Ï ` Work Done by a Constant Force 


The word ?0ork has a variety of meanings In everyday language. But in physics, 
WOTK 1S øIVen a very specific meaning to describe what 1s accomplished when a 
force acfs on an object, and the object moves through a distance. We consider 
only translational motion for now and, unless otherwise explained, objecfs are 
assumed to be rigid with no complicating internal motion, and can be treated like 
particles. Then the work done on an object by a constant force (constant in both 
magnitude and direction) ¡1s defined to be he product oƒ the magnitude oöƒ the 
displacement từmes the component öoƒ the ƒorce parallel to the displacememt. In 
equation form, we can wrIte 


W = Hịả, 


where #¡ is the component of the constant force F parallel to the displacement đ. 
We can also write 


W = Fdcos0, (6-1) 


where #1s the magmtude of the constant force, đ 1s the magmitude of the displace- 
ment of the obJect, and Ø 1s the angle between the directions of the force and the 
displacement (Fig. 6—1). The cos Ø0 factor appears in Eq. 6-1 because # cos Ø 
(= F) is the component of Ê that is parallel to d. Work is a scalar quantity—it 
has no direction, but only magnitude, which can be posifive or negafIve. 

Let us consider the case in which the moftion and the force are In the same 
direction, so Ø = 0 and cosØ = 1; mm this case, W = #Ƒd. For example, 1Ý you 
push a loaded grocery cart a distance of 50 m by exerting a hor1zontal force of 
30 Non the cart, you do 30N x 50m = 1500N-m of work on the cart. 

As this example shows, im SĨ units work 1s measured in newfon-meters 
(N:-m). A special name 1s given to this unit, the joule (J): 1J = 1N-m. 

[In the cøgs system, the unit of work ¡s called the erg and ¡s defined as 
l1erg = ldyne-cm. In British units, work 1s measured In foof-pounds. Their 
equivalence is 1 J = 10”erg = 0.7376 ft-Ib.] 

A force can be exerted on an object and yet do no work. If you hold a heavy 
bag OŸ grocerles In your hands at rest, you do no work on 1t. You do exert a Íorce 
on the bag, but the displacement of the bag 1s zero, so the work done by you on 
the bagIs W = 0. You need both a force and a displacement to do work. You 
also do no work on the bag of grocerles 1Ÿ you carry 1t as you walk horizontally 
across the floor at constant velocity, as shown 1n Flg. 6-2. No hor1zontal force 1s 
required to move the bag at a constant velocity. The person shown 1n Eig. 6-2 
exerts an upward force p on the bag equal to its weight. But this upward 
force 1s perpendicular to the horizontal displacement of the bag and thus is doïng 
no work. This conclusion comes from our definition of work, Eq.6-1: W =0, 
because Ø = 90° and cos90” = 0. Thus, when a particular force 1s perpendicu- 
lar to the displacement, no work 1s done by that force. When you start or stop 
walking, there 1s a horizontal acceleration and you do briefly exert a hor1zontal 
force, and thus do work on the bag. 


FIGURE 6-1 A person pulling 
a crate along the floor. The 
work done by the force F is 
À W = Fdcos0, where đis the 
DI đisplacement. 


FIGURE 6-2 The person does no 
work on the bag of ørocerIes because 
Ểb is perpendicular to the 
displacement đ. 


@©cAuTioN —_ 
Force tufhouf tuorK 
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‹& CAUTION 'When we deal with work, as with force, 1t is necessary to specify whether you 
Sfa(e thaf toorEk is done are talking about work done by a specific obJect or done ø a specific obJect. Ït 1s 
on ø by đa oB/ec( - also important to specify whether the work done is due to one particular force (and 

which one), or the total (net) work done by the me force on the oblect. 


FIGURE 6-3 Example 6-1. 
A 50-kg crate 1s pulled 
along a floor. 


x (40 m) 


Work done on a crate. A person pulls a 50-kg crate 40m 
along a hor1zontal floor by a consfant force #ÿ = 100N, which acts at a 37° angle 
as shown in Fig. 6-3. The floor is rough and exerts a friction force Eị„ = 50N. 
Determine (2) the work done by each force acting on the crate, and (b) the net 
work done on the crate. 


APPROACH We choose our coordinate system so that the vector that repre- 
sents the 40-m displacement 1s X (that is, along the x axis). Four forces act on 
the crate, as shown In the free-body diagram 1n Fig. 6—3: the force exerted by 
the person E;; the friction force E„; the gravitational force exerted by the 
Earth, Êo¿ = z§; and the normal force Ex exerted upward by the floor. The net 
force on the crafe 1s the vector sum of these four forces. 


SOLUTION (z) The work done by the gravitational force (Fs) and by the 
normal force (Ê§) is zero, because they are perpendicular to the displacement š 
(0 = 90° inEq.6-1): 

MWc = mgxcos90° = 0 

MWN = qxcos907 = 0. 
The work done by E_ is 

Wp = FpxcosØ = (100N)(40m) cos37° = 32001]. 
The work done by the friction force 1s 

Ww = Ƒ+tèxcos180° = (50N)(40m)(—1) = -20001. 


The angle between the displacement & and F¿, is 180° because they point in 
Opposite directions. Since the force of friction 1s opposing the motilon (and 
cos 180° = —1), the work done by friction on the crate 1s n0egafiue. 


(b) The net work can be calculated in two equivalent ways. 
(1) The net work done on an objJect is the algebralc sum of the work done by each 
force, since work Is a scalar: 


Whney = WQc + WN + Wp nP W„ 
= 0 + 0 +3200J-— 2000J = 12001. 
(2) The net work can also be calculated by first determining the net force on the 
obJect and then taking the component of this net force along the displacement: 
up) x= tpcos0 — ,. Then the net work 1s 
Mhet = (Rijy# = (1% COS Ø — Fxy)x 
= (100Ncos37° — 50N)(40m) = 12001. 


In the vertical (y) direction, there is no displacement and no work done. 


‹&® CAUTION In Example 6—1 we saw that friction did negative work. In general, the work 
Aegari»e ›uork  đone by a Ẩorce 1s negative whenever the force (or the component of the force, h) 
acts In the đirection opposite to the direction of motion. 


EXERCISEA_ A box is dragged a distance đ across a floor by a force Fp which makes an 

angle Ø with the horizontal as in Fig. 6-1 or 6-3. If the magnitude of Ey is held constant 

but the angle Ø is increased, the work done by Ey (z) remains the same; (b) increases; 
140  CHAPTER 6 (c) decreases; (đ) first increases, then decreases. 


QoLVIMC 


tư Work 3. Apply Newton”s laws to determine unknown forces. 


mì 1. Draw a free-body diagram showing all the forces acf- 


4. Eind the work done ðy a specific force øz the obJect by 
using W = FđÄcosØ for a constant force. The work 


_ ĐINH 0i ĐDIPERTEĐPCHV GHI SPROUP done is negative when a force opposes the displacemert. 
œ 2. Choose an xy coordinafe system. If the objectisin Š- To find the net work done on the object, either 
motfion, 1t may be convenient to choose one of the (a) find the WOTK done by cach force and add the 
coordinate directions as the direction of one of the results algebraically; or (b) find the net force on the 


forces, or as the direction of motion. [Thus, for an object, Fn¿, and then use it to find the net work 
object on an incline, you might choose one coordinate done, which for constant net force is: 
axIs to be parallel to the Incline.] Mhet = Tne¿đcos 60. 


Work on a backpack. (z) Determine the work a hiker must 

do on a 15.0-kg backpack to carry 1t up a hill of height ⁄ = 10.0m, as shown in 

Fig.-4a. Determine also (5) the work done by gravity on the backpack,and  FIGURE 6-4 Example 6-2. 
(c) the net work done on the backpack. For simplicity, assume the motion 1s 

smooth and at constant velocity (¡.e., acceleration 1s zero). 


APPROACH We explicitly follow the steps of the Problem Solving Strategy above. 


SOLUTION 

1. Draw a free-body diagram. The forces on the backpack are shown 1n Eig. 6—4b: 
the force of gravity, zg, acting downward; and Ei;, the force the hiker must 
exert upward to support the backpack. The acceleration 1s zero, so hor1zontal 
forces on the backpack are negligIble. 

2. Choose a coordinafe systéem. We are Interested 1n the vertical motion of the 
backpack, so we choose the y coordinate as positive vertically upward. 

3. Apply Newton*s laws. Newfton”s second law applied 1n the vertical direction 
to the backpack gives (with øy = 0) 


XFy = máy 
F†h —mg = ÔÖ. 
So, 
lạ = mg = (15.0kg)(980m/5?) = 147N. 


4. Work done by a specific force. (2) To calculate the work done by the hiker on 
the backpack, we use Eq. 6ó—1, where Ø 1s shown 1n Elg. 6—-4c, 
Wu = Fu(dcos0), 
and we note from FEig.6-4a that đ cos Ø = h. So the work done by the hiker 1s 
Wu = ƑFu(dcos0) = H;ịh = mgh = (147N)(100m) = 14701. 


The work done depends only on the elevation change and not on the angle of the 
hill, 0. The hiker would do the same work to lift the pack vertically by height h. 


(b) The work done by gravify on the backpack is (from Eq. 6—1 and Fig. 6-4c) 
WGc = mg dcos(180° ~ 9). 


(c) 
Since cos(180° — 0) = —cosØ (Appendix A—7), we have 
Wc = mg(—dcos0) 
= -mpgh 
=_ —(15.0kg)(9.80 m/s?)(100m) =  —-14701. 
NOTE The work done by gravity (which is negative here) does not depend on the r2 PROBLEM SOLVING 
angle of the incline, only on the vertical height h of the hilI. Work done by grauity depends on 


5. Net work đone. (c) The zef work done on the backpack is W„¿, = 0, becausethe_ ”##//0/#⁄1(zofø#angle) 


net force on the backpack 1s zero (1t is assumed not to accelerate significantly). 
We can also get the net work done by adding the work done by each force: 


W-¿ = Wo + Wụ = -1470] + 1470] = 0. 


NOTE Even though the nef work done by all the forces on the backpack 1s zero, 


the hiker đoes do work on the backpack equal to 1470 J. SECTION6-1 141 
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FIGURE 6-5 Example 6-3. 


FIGURE 6-6 Work done by a 
force # 1s (a) approximately equal 
to the sum of the areas of the 
rectangles, (b) exactly equal to the 


area under the curve of Fị vs. đ. 
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Does the Earth do work on the Moon? 
The Moon revolves around the Earth In a nearly circular orbit, kept there by the 
øravitational force exerted by the Earth. Does gravity do (2) positive work, 
(b) negative work, or (c) no work on the Moon? 


RESPONSE The gravitational force E¿ exerted by the Earth on the Moon 
(Eig. ó—5) acts toward the Earth and provides is centripetal acceleration, inward 
along the radius of the Moon”s orbit. The Moon”s displacement at any moment 1s 
tangent to the circle, in the direction of1fs velocity, perpendicular to the radius and 
perpendicular to the force of gravity. Hence the angle Ø between the force EQ 
and the mstantaneous displacement of the Moon ¡s 90°, and the work done by 
øravify Is therefore zero (cos 90° = 0). This is why the Moon, as well as artificial 
satellites, can stay In orbit without expenditure of fuel: no work needs to be done 
against the force OŸ øTravVIV. 


”6-2. Work Done by a Varying Force 


Tf the force acting on an object 1s constant, the work done by that force can be 
calculated using Eq. 6-1. But in many cases, the force varies in magnitude or 
đirection during a process. For example, as a rocket moves away from Earth, work 
1s done fo overcome the force of gravity, which varies as the inverse square of 
the distance from the Earth's center. Other examples are the force exerted by 
a spring, which Iincreases with the amount of stretch, or the work done by a vary- 
1ng force that pulls a box or cart up an uneven hilL. 

The work done by a varying force can be determined graphically. To do so, 
we plot Fj (= Fcos0, the component of F parallel to the đirection of motion 
at any poinf) as a function of distance đ, as in Eig. 6-óa. We divide the distance 
into small segments Aở. For each segment, we indicate the average of Fị by a 
horizontal dashed line. Then the work done for each segment is AW = HịAd, 
which is the area of a rectangle Ad wide and #¡ hiíph. The total work done to 
move the obJect a total distance đ = dp; — đẠ 1s the sum of the areas of the 
rectangles (five in the case shown 1n Hig. 6—6a). Usually, the average value of #j 
for each segment must be estimated, and a reasonable approximation of the work 
done can then be made. 

Tf we subdivide the distance into many more segments, Áđ can be made smaller 
and our estimate of the work done would be more accurate. In the limit as Ađ 
approaches zero, the total area of the many narrow rectanples approaches the 
area under the curve, Fig. 6—-6b. That 1s, he 0ork done by a 0ariable ƒorce in 
mouing an object bef0een ftuo poinfS is equal to the area under the F| Ðs. d cure 
betueen those ft0o pOIHS. 


@—-3 Kinetic Energy, and 
the Work-Energy Principle 


Energy 1s one oŸ the most Important concepts In sclence. Yet we cannot gøIve a 
simple øgeneral defimtion of energy 1n only a few words. Nonetheless, each specIfic 
type of energy can be defined fairly simply. In this Chapter we defne translational 
kinetic enerey and some types of potential enersy. In later Chapfters, we will examine 
other types of energy, such as that related to heat and electricity. The crucial 
aspect of energy 1s that the sum of all types, the /o/al energy, 1s the same after 
any process as 1t was before: that 1s, energy 1s a conserved quanfIty. 

For the purposes of this Chapter, we can define energy 1n the traditional way 
as “the ability to đo work.” This simple definition is not always applicable,P but ¡t 
1s valid for mechanical energy which we discuss In this Chapter. We now define 
and discuss one of the basic types of energy, kinetic eneTrgy. 


TEnergy associated with heat is often not available to do work, as we will discuss in Chapter 15. 
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A moving obJect can do work on another obJect 1t strikes. A flying cannonball 
does work on a brick wall it knocks down; a moving hammer does work on a nail 
1t drIves Into wood. In either case, a moving object exerts a Íorce on a second 
object which undergoes a displacement. An obJect in motion has the ability to 
do work and thus can be said to have energy. The energy of mofion 1s called 
kinetic energy, from the Greek word kinefikos, meaning “motion.” 


FIGURE 6-7 A constant net 
force #nẹi accelerates a car from 
Mở) speed 0¡ to speed ; Over a 


Mi 
— Ẻ ——_ đisplacement đ. The net work done 
&- Bt ~ 9 1S Wnet = Pnetd. 


=!I 


To obtam a quantitative defimition for kinetic energy, let us consider a simple 
ripid object oŸ mass # (treated as a particle) that is moving 1n a straipht line with an 
mmitial speed ?œ¡. To accelerate 1t uniformly to a speed 3;, a constant net force Fnet 
1s exerted on 1t parallel to 1fs motion over a displacement đ, Hg. 6—7. Then the net 
work done on the obJectIs Wne¿ = Fne:đ. We apply Newton”s second law, Fnet = 74, 
and use Eq.2-11c (ø§ = ø‡ + 2ad), which we rewrite as 


UỆ — Uị 
a =———' 
2d 
where 0; 1s the Initial speed and z; 1s the final speed. Substituting this imnto 


Tnei = ma, we determine the work done: 


2 2 2 2 
—— — — U2 — Đị " U2 — Đị 
MWhec = Fạad mad „| 2q Ỷ „| 2 


OT 


Wnet = 219) — 2m0Ỷ. (6-2) 
We đefine the quantity 3 ° to be the translational kinefic energy (KE) of the object: 


Kinetic energy 


KES- 7... (6-3) (defined) 


(We call this “translational” kinetic enerøy to distinguish 1t from rotational kinetic 
energy, which we will discuss in Chapter 8.) Equation 6-2, derived here for one- 
dimensional motion with a constant force, 1s valid in general for translational 
mofion of an obJect 1n three dimensions and even 1f the force varIes. 

We can rewrite Eq. 6—2 as: 


MWhe¿ = KE¿ — KEi 
OT 


Wạec = AKE = j/HU) — 3 mUỊ. (6-4) | WORK-ENEROGY PRINCIPLE 


Equation 6—4 1s a useful result known as the work-energy principle. It can be 
stated in words: 


The nef work done on an objec( is equal to the change ïn the objecfs WORK-ENERGY PRINCIPLE 
kinetic energy. 


Notice that we made use of Ñewton”s second law, hne¿ = z4, where #¡¿¡ 1s the nef 

force——the sum of all forces acting on the obJect. Thus, the work-energy principle 

1s valid only 1ƒ W 1s the net tuork done on the obJect—that 1s, the work done by &® CAUTION 

all forces acting on the obJect. Work-energy 0alid only for net toork 
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- =(on hammer) (on nail) 


FIGURE 6-8 A movins hammer 
strikes a nail and comes to rest. The 
hammer exerts a force # on the 
nail; the nail exerts a foree —#'on 
the hammer (Newton”s third law). 
The work done on the nail by the 
hammer is positive (W, 
The work done on the hammer by 
the nail is negative (W = —Ƒ3). 


w= ?ứ > ÚJ, 


The work-energy principle 1s a very useful reformulation of Ñewton'”s laws. 
It tells us that IŸ (positive) net work W is done on an object, the object's kinetic 
energy Iincreases by an amount W. The principle also holds true for the reverse 
siuation: 1f the net work W done on an obJect is negative, the object's kinetic 
energy decreases by an amount W. That 1s, a net force exerted on an object oppo- 
site to the obJects direction of motion decreases 1ts speed and 1s kinetic energy. 
An example is a moving hammer (Hig. 6-8) striking a nail. The net force on the 
hammer (—E in Eig. 6—§, where Ê is assumed constant for simplicity) acts toward 
the left, whereas the đisplacement đ of the hammer is toward the right. So the net 
work done on the hammer, W, = (#Ƒ)(đ4)(cos 180°) = —Ƒđ, 1s negative and the 
hammers kinetic energy decreases (usually to zero). 

Figure 6-8 also 1llustrates how energy can be considered the ability to 
do work. The hammer, as 1t slows down, does positive work on the nail: 
Mạ = (+F)(+đ) = Fd_ and ¡s positive. The decrease In kinetic energy of the 
hammer (= Ƒ¿4 by Eq. 6-4) 1s equal to the work the hammer can do on another 
obJect, the naIl in this case. 

The translational kinetic energy (= 3 m0?) is directly proportional to the mass 
of the obJect, and 1t 1s also proportional to the sguare of the speed. Thus, 1 the 
mass 1s doubled, the kinetic energy 1s doubled. But If the speed 1s doubled, the 
oblJect has four times as much kinetic energy and 1s therefore capable of doïng four 
times as much work. 

Because of the direct connection between work and kinefic energy, enerøy 1s 
measured in the same units as work: Joules in SI units. [The energy un1t 1s ergs in 
the cøs, and foot-pounds ¡n the British system.] Like work, kinetic energøy is a 
scalar quantity. The kinetic energy oŸ a group of obJects 1s the sum of the kinetic 
energIes of the 1individual obJects. 

The work-energy principle can be applied to a particle, and also to an ob]Ject 
that can be approximated as a particle, such as an obJect that 1s ripgid or whose 
1nternal motions are 1nsignificant. It 1s very useful In simple situafions, as we will 
see in the Examples below. 


?ị¡ = 20 m/s ¿ = 30 m/s 


FIGURE 6-9 Example 6-4. 


Work on a car, to increase its kinetic energy. 
How much net work is required to accelerate a 1000-kg car from 20 m/s to 
30 m/s (Fig. 6-9)? 

APPROACH A car ¡s a complex system. The engine turns the wheels and tires 
which push against the ground, and the pround pushes back (see Example 4-4). 
We aren't Interested right now In those complications. Instead, we can get a 
useful result using the work-energy principle, but only 1ƒ we model the car as a 
particle or simple rigid obJect. 


SOLUTION The net work needed ¡s equal to the Increase in kinetic energy: 
W = KE; — KEi 
= 3HU) — 3IHUỊ 
= ¿(1000 kg)(30 m/s)” — (1000 kg)(20 m/s)? 
= 5ã X UP: 


EXERCISE B (a) Make a guess: will the work needed to accelerate the car in Example 6—4 
from rest to 20 m/s be more than, less than, or equal to the work already calculated to 
accelerate it from 20 m/s to 30 m/s? (b) Make the calculation. 
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FIGURE 6-10 Example 6—5. A moving car comes fo a s(Op. 
Initial velocity ïs (a) 60 km/ñh, (b) 120 km/h. 


CONCEPTUAL EXAMIPLE 6-5 | Work to stop a car. A car traveling 60 km/h 
can brake to a stop In a distance đ of 20 m (Fig. 6ó-10a). IÝ the car 1s going 


twice as fast, 120 km/h, what is its stopping distance (Fig. 6—10b)? Assume the 
mmaxInmum braking force 1s approxImately independent of speed. 


RESPONSE Again we model the car as 1 it were a particle. Because the net stop- 
ping force 1s approximately constant, the work needed to stop the car, #4, 1s 
proportional to the distance traveled. We apply the work-energy principle, noting 
that Ê and đ are in opposite directions and that the final speed of the car is zero: 


Mhnec = Fdcos180?0 = —FƑFd. 
Then 
Fd = AKE = 3710) — 31M0 
=_ 0 —- $1. 


Thus, since the force and mass are consfant, we see that the stopping distance, đ, 


1ncreases with the square of the speed: 
@ÒPHvsics APPLIED 


đo 0Ẻ. Car% stopping distance œ to 


" . : : Ệ 2 : initial speed squared 
Tf the cars mitial speed is doubled, the stopping distance is (2)“ = 4 times as great, 


or 80 m. 


| EXERCISEC_ Can kinetic energy ever be negative? 


EXERCISE D (¿) If the kinetic energy of a baseball is doubled, by what factor has 1ts speed 
increased? (ð) If ïts speed is doubled, by what factor does its kinetic enerey Increase? 


6-4 Potential Energy 


W© have ]ust discussed how an obJect 1s said to have energy by virtue of 1fs mofion, 
which we call kinetic energy. But it is also possible to have pofenfial energy, which 1s 
the energy associated with forces that depend on the posifion or configuration of an 
object (or objects) relative to the surroundings. Various types of potential energy 
(PE) can be defined, and each type 1s associated with a particular force. 

The spring of a wind-up toy 1s an example of an obJect with potential energy. 
The spring acqurred 1ts potential energy because work was done øz 1t by the person 
winding the toy. As the spring unwinds, 1t exerts a force and does work to make 
the toy move. 


Gravitatdonal Potential Energy 


Perhaps the most common example of potential energy 1s gra0itational potential 
energy. A heavy brick held high above the ground has potential energy because 
Of 1ts position relafive to the Earth. The raised brick has the ability to do work, 
fOr 1Ÿ 1t 1s released, 1t wïll fall to the ground due to the gravitational force, and can 
do work on, say, a stake, driving 1t Into the ground. 
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FIGURE 6-11 A person exerts an 
upward force #¿„ị = ng to HIÍt a 


brick from y¡ to y›. 


€Â©€CAUTION 
APEQG = +0ork done 
by net external ƒorce 


S9Š*c€AUTION 


APEs = —WS 


SÊŠ*CAUTION 


Change in PE is tuhat is 


physically meaningful 
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Let us seek the form for the gravitational potential energy of an obJect near 
the surface of the Earth. For an obJect of mass z to be lifted vertically, an upward 
force at least equal to 1ts weight, 7ø, must be exerted on 1t, say by a person”s 
hand. To lift the obJect without acceleration, the person exerts an “external 
force” F¿„¿ = ứng. IỶ 1t 1s ralsed a vertical height h, [from position yị to y; 1n 
Fig. 6-11 (upward direction chosen positive), a person does work equal to the 
product of the “external” force she exerts, #⁄2„¡ = 7g upward, multiplied by the 
vertical displacement ở. That 1s, 


W.x = F.udcos00 


mẹgh 

-= m§#{(» — »ị): (6-5a) 
Gravity 1s also acting on the objJect as 1t moves from yị to y;, and does work on the 

obJect equal to 
WSG = Fgdcos0 = 
where 0 = 180° because Eo¿ and đ point in opposite directions. So 
Wo = 
= —m§(% — Vì: (6—5b) 

Next, 1 we allow the obJect to start from rest at y; and fall freely under the 
action of gravity, it acquires a velocity given by ø” = 2gh (Eq.2-11c) after falling a 
height 7. It then has kinetic energy 3z”? = ÿrm(2gh) = mẹgh, and ïf it strikes a 
stake, 1t can do work on the stake equal to zzzh (Section 6-3). 

Thus, fo ralse an obJect of mass to a height h requires an amount of Work 
equal to mgh (Eq.6—5a). And once at height h, the object has the ab¡//y to do an 
amount of work equal to mgh. We can say that the work done In hfting the oblJect 
has been stored as gravitational potential energy. 

We therefore define the gravitafional potential energy of an obJect, due to 
Earth's gravifty, as the product of the objJects weight g and 1ts height y above 
some reference level (such as the ground): 


mgh cos 1807, 


—mgh 


PEG = /Eÿ. (6-6) 


The higher an obJect 1s above the ground, the more gravitational potential energy 
1t has. We combine Eq. 6—5a with Eq. 6—6: 


W:xị — mg(y ng vị 
Mu = PE;ạ T— PE, = ẢPEo. (6—-7a) 


That 1s, the change In potential energy when an obJect moves from a heipht y¡ to a 
height y; 1s equal to the work done by a net external force to move the obJect 
from posifion 1 to posifion 2 without acceleration. 

Equivalently, we can define the change In gravitational potential energy, APEo, 
1n terms of the work done by gravity 1tself. Starting from Eq. 6—5b, we obtain 


Ma = —m§—( — vị) 
Wc = —(PEạT— PEị) = —ÁPEG 
OT 
APEo = —WS. (6-7b) 


That 1s, the change In gravitational potential energy as the obJect moves from 
posItlon 1 to posiflon 2 1s equal to the negative of the work done by øravity 1tself 

Gravitational potential energy depends on the œerfical heighf of the object 
aboue some reƒference leuel (Eq. 6—6). In some situations, you may wonder from 
what poïnt to measure the height y. The gravitational potential energy of a book 
held high above a table, for example, depends on whether we measure y from 
the top of the table, from the floor, or from some other reference point. What 
1s physically Iimportant 1n any situatlon 1s the change 1n potential energy, APE, 
because that 1s what 1s related to the work done, Eqs. 6-7; and 1t Is APE that 
can be measured. We can thus choose to measure y from any reference level 
that Is convenient, but we must choose the reference level at the start and be 
consistent throughout. The change 1n potentfial energy between any tfwo poInfs 
does not depend on this choIce. 


An Iimportant result we discussed earlier (see Example 6-2 and Fig. 6-4) 
concerns the gravity force, which does work only In the vertical direction: the 
work done by gravity depends only on the vertical height h, and not on the path 
taken, whether 1t be purely vertical motion or, say, motion along an incline. Thus, 
from Eqs. 6—7 we see that changes In gravitatlonal potential energy depend only 
on the change In vertical height and not on the path taken. 

Potential energy belongs to a system, and not to a single obJect alone. Poten- 
tial energy 1s associated with a force, and a force on one obJect 1s always exerted 
by some other object. Thus potential energy 1s a property of the system as a 
whole. For an obJect raised to a height y above the Earth”s surface, the change in 
gravitational potential energy 1s 7y. The system here 1s the obJect plus the 
Earth, and properties of both are involved: object (zr) and Earth (g). 


Potential energy changes for a roller coaster. A 1000-kg 
roller-coaster car moves from point 1, Fig. 6—12, to point 2 and then to point 3. 
(a) What Is the gravitational potential energy at points 2 and 3 relative to 
point 1? That is, take y =0 at point 1. (5) What ¡is the change In potential 
energy when the car goes from point 2 to point 32 (c) Repeat parts (2) and (b), 
but take the reference point (y = 0) to be at poïnt 3. 


APPROACH We are interested in the potential energy of the car-Earth system. 
We take upward as the posiftive y direction, and use the defmition of gravitational 
pofential energy to calculate the potential energy. 


SOLUTION (z) We measure heights from point 1 (y¡ = 0), which means initially 
that the gravitational potenfial energy 1s zero. At poInt 2, where y; = 10m, 
PE;„ = 7mgy; = (1000kg)(9.8m/s?)(10m) = 9.8 x 1091. 
Atpomt 3, y; = —15m, since poïnt 3 1s below poïnt 1. Therefore, 
PEạ = 7gy; = (1000kg)(9.8m/s”(—15m) = -1.5 x 101. 
(b) In going from poïnt 2 to pomt 3, the potential enerey change (PErinai — PEinitial) 1S 
PEạ — PEạ = (—1.5 X 107]) — (9.8 x 10“]J) = -—2.5 x 1071. 


The gravitational potential energy đecreases by 2.5 x 10” J. 
(c)Now weset y; = 0. Then yị = +15 m at point 1, so the potential eneregy mitially 
1S 
PE; = (1000kg)(9.8m/s2)(15m) = 1.5 x 101. 
Atpoint2, y; = 25m, so the potential energy 1s 
PHạ =. Z5 1071, 


Atpoint3, y: = 0, so the potential energy 1s zero. The change in potential energy 
going from point 2 to poInt 3 1s 


PEạ — PEạ = 0— 2.5 x10] = —2.5 x 10], 


which is the same as in part (P). 


NOTE_ Work done by gravity depends only on the vertical heipht, so changes In 
øravifational potential energy do not depend on the path taken. 


Potential Energy Defined in General 


There are other kinds of potential energy besides gravitational. Each form of 
potential energy 1s associated with a particular force, and can be defined analo- 
gously to gravitational potentfial enersy. In general, the change in pofenftial energy 
associated t0ith a particular ƒorce is equal to the negalue öƒ the tuork done by 
that force t›hen the obJect is moued from one poin† to a second poïnf (as in Eq. 6ö—7b 
for gravity). Alternatively, we can define the change in potertial energy as the 
tuork required öƒan external force to moue the obJect t0ithout acceleration beft0een 
the bo poinrs, as In Eq. 6—7a. 


$*CAUTION 


Potential energy belongs to a system, 
not to a single object 


Ì 
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FIGURE 6-12 Example 6~6. 
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FIGURE 6-13 A spring (a) can store 
energy (elastic PE) when compressed as In 
(b) and can do work when released (c). 


(a) Unstretched 


(b) Stretched 


(c) Compressed 


FIGURE 6-14 (a) Spring in natural 
(unstretched) position. (b) Spring 1s 
stretched by a person exerting a 
force F¿„¡ to the right (positive 
direction). The spring pulls back 
with a force E , where Ès = —kx. 
(c) Person compresses the spring 

(x < 0) by exerting an external 
force F¿„( to the left; the spring 
pushes back with a force s = —kx, 
where #s > 0 because x < 0. 


FIGURE 6-15 As a spring ¡s 
stretched (or compressed), the 
magnitude of the force needed 
1ncreases linearly as x Increases: 
graph of Ƒ = kx vs. xÍrom 
x=0tox=x. 

F 


(a) mì (b) hiền x 


Potential Energy of Elastic Spring 


We now consider potential energy associated with elastic materials, which includes 
a preat variety of practical applications. Consider the simple coil spring shown 
in Fig. 6-13. The spring has potential enerey when compressed (or stretched), 
because when 1t 1s released, 1t can do work on a ball as shown. To hold a spring either 
stretched or compressed an amount x from ifs natural (unstretched) length requires 
the hand to exert an external force on the spring of magmitude #„¡ which 1s 
directly proportional to x. That 1s, 

đu = kx, 
where k 1s a constant, called the spring sfiffness consfaní (or simply spring consfant), 
and 1s a measure of the stiffness of the particular sprimng. The stretched or compressed 
spring 1tself exerts a force #s In the opposite direction on the hand, as shown In 
Hig.6—14: 

lẹ = —Kkx. 
Thịs force 1s sometimes called a “restoring force” because the spring exerts Its 
force in the direction opposite the displacement (hence the minus siøn), acting to 
return 1t to 1ts natural length. Equation 6—8 1s known as the spring equafion and 
also as Hooke?s law, and 1s accurate for springs as long as x 1s not too øreat. 

To calculate the potential energy of a stretched spring, let us calculate the 
work required to stretch 1t (Fig. ó—-14b). We might hope to use Eq. 6—1 for the 
work done on It, W = Ƒx, where x Is the amount it 1s stretched from 1ts natural 
length. But this would be Iincorrect since the force #;„¡ (= kx) 1s not constant but 
varies over the distance x, becoming greater the more the sprIng 1s stretched, as 
shown graphically in Eig.6—15. So let us use the average force, #. Since Ƒ„, varies 
linearly, from zero at the unstretched posiftion to kx when stretched to x, the 
average forceis # = ;[0 + kx] = kx, where x here is the final amount stretched 
(shown as x;in Eig. 6ó—15 for clarity). The work done is then 


Máu = Fx = Gkx)(@) = sk#'. 


Hence the elastic potenfial energy, PE„t, 1s proportional to the square of the amount 
stretched: 


[spring force] (6-8) 


PEq = ÿkXẺ. [elasticsprinp] (6-9) 


TỶ a spring 1s cØpressed a distance x from Its natural (“equilibrium”) length, the 
average force again has magnitude # = ‡kx, and again the potential energy is 
g1ven by Eq. 6-9. 'Thus x can be either the amount compressed or amount stretched 
from the spring”s natural length. Note that for a spring, we choose the reference 
pornt for zero PE at the sprIng”s natural position. 


Potential Energy as Stored Energy 


In the above examples of potential energy——from a brick held at a height y, to a 
stretched or compressed spring——an obJect has the capacIty or pofenfial to do work 
even thoush 1t 1s not yet actually doïng 1t. These examples show that energy can be 
sfored, for later use, In the form of potential energy (as in Fig. 6-13, for a spring). 
Note that there 1s a single universal formula for the translational kinetic energy 
of an object, š??, but there is no single formula for potential energy. Instead, 
the mathematical form of the potential energy depends on the force 1nvolved. 


TW can also obtain Eq. 6-9 using Section 6-2. The work done, and hence Apr, equals the area 
under the Ƒ vs. x pgraph of Fig. 6-15. This area is a triangle (colored in Fig. 6-15) of altitude kx and 
base x, and hence of area (for a triangle) equal to ‡(kx)(x) = $k3°. 
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6-5 Conservative and 
Nonconservative Forces 


The work done agaInst gravity in moving an oblject from one point to another 
does not depend on the path taken. For example, It takes the same work 
(= mgh) to lift an object of mass  vertically a height h as to carry It up an 
incline of the same vertical height, as in Fig. 6-4 (see Example 6-2). Forces 
such as gravity, for which the work done does not depend on the path taken but 
only on the Iinitial and final positions, are called conservafive forces. The elastic 
force of a spring (or other elastic material), in whích # = —kx, 1s also a cOnSer- 
vafive force. An obJect that starts at a ø1ven point and returns to that same point 
under the action of a conservative force has no net work done on 1t because the 
potential energy 1s the same at the start and the finish of such a round trIp. 

Many forces, such as friction and a push or pull exerted by a person, are 
nonconservafiye forces since any work they do depends on the path. For example, 
1f you push a crate across a floor from one poït to another, the work you do 
depends on whether the path taken 1s straight or 1s curved. As shown mm Flg.6—16, 
1ƒ a crate 1s pushed slowly from point 1 to point 2 along the longer semicircular 
path, you do more work agaInst friction than 1f you push 1t along the straight path. 


FIGURE 6-16 A crate ¡s pushed slowly at 
consfant speed across a rouph floor from 
position 1 to positlon 2 via two paths, one 
straight and one curved. The pushing 


force Fp is in the direction of motion at 
each point. (The friction force opposes the 
motion.) Hence for a constant magnitude 
pushing force, the work 1t doesis W = Ƒpd, 


so 1ƒ the distance traveled đ is greater (as for 
the curved path), then W is greater. The work 
done does not depend only on points 1 and 2; 


You do more work on the curved path because the distance 1s greater and, unlike 
the gravitational force, the pushing force E¿ is in the direction of motion at 
each point. Thus the work done by the person 1n Eig.6—16 does not depend ønwy on 
pormnts 1 and 2; 1t depends also on the path taken. The force of kinetic friction, also 
shown 1m Fig. 6—16, always opposes the mofion; 1t foo 1s a nonconservative force, 
and we discuss how to treat ït later in this Chapter (Section 6—9). Table 6—1 lists a 
few conservafive and nonconservative forces. 

Because potential energy 1s energy associated with the position or confipura- 
tion of obJects, potential energy can only make sense 1f it can be stated uniquely 
for a given point. This cannot be done with nonconservafive forces because the 
work done depends on the path taken (as in Fig. 6-16). Hence, pofenfial energy 
can be defined only ƒor a conseruafiue ƒorce. Thus, although potential energy 1s 
always associated with a force, not all forces have a potential energy. For example, 
there 1s no potenfial energy for friction. 


EXERCISE E An oblect acted on by a consfant force # moves from point 1 to point 2 
and back again. The work done by the force # in this round trip 1s 60 J. Can you deter- 
mine from this Information 1Ÿ # 1s a conservafive or nonconservative force? 


1t also depends on the path taken. 


TABLE 6-1 Conservative and 


Nonconservative Forces 


Conservafive Nonconservafive 
Forces Forces 


Gravitational  Friction 
Elastic Air resistance 
Electric Tension In cord 


Motor or rocket 
propulsion 


Push or pull by 
a person 
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Work-Energy Extended 


We can extend the work-energy principle (discussed in Section 6-3) to include 
potential energy. Suppose several forces act on an object which can undergo 
translational motion. And suppose only some of these forces are conservafive. 
We write the total (net) work Wne¿ as a sum of the work done by conservatIve 
forces, Wc, and the work done by nonconservative forces, WNc: 


Mua = Wc + Wc. 
Then, from the work-energy principle, Eq. 6-4, we have 
Mhec = AKE 
Wc + WAc = AKE 
where AKE = KE; — KE¡. lhen 
WAc = ÂKE — ỨC. 


Work done by a conservative force can be wriften 1n terms of potential energy, 
as we saw 1n Eq. 6—7b for øravitational potential energy: 


Wc = —ÂPE. 
We combine these last two equations: 
WNnc = ÂKE + APE. (6-10) 


Thus, (he +0oork WNc done by the nonconseratiue ƒorces acting on an obJect ¡S 
equal to the total change in kinetic and potential energies. 

It must be emphasized that a/ƒ the forces acting on an obJect must be Included 
in Eq. 6-10, either in the potential enerey term on the right (ïf It is a conserva- 
tive force), or in the work term on the left (but not in both!). 


6-6 Mechanical Energy and 
[ts Conservation 


Tf we can 1gnore friction and other nonconservafive forces, or 1ƒ onÏly conservafIve 
forces do work on a system, we arrive at a particularly simple and beautiful rela- 
tion Involving energy. 

'When no nonconservative forces do work, then Wc = 0 in the general form 
of the work-energy principle (Eq.6—10). Then we have 


AKE + Âpe — Ú [nh |, (6-Ha) 
OT : 
COnS€TVvafIVve 
(KE; — KE„) + (PEạ — PE;j) = 0. fotoS3 0nlý | (6-11b) 


W©e now define a quantity E, called the total mechanical energy of our system, as 
the sum of the kinetic and potential energ1les at any moment: 


FE_ = KE + PE. 


Now we can rewrite Eq.6—11b as 


KE; † PEạ = KEI + PEI “| (6—12a) 


forces only 
CONSERVATIONOF [` œr 
MECHANICAL ENERGY ï 
=. -: (6-12b) 


=_ constant. 
forces only 


Equations 6-12 express a useful and profound principle regarding the total 
mechanical energy of a system——namely, that 1t 1s a conserved quantity. The total 
mechanical energy # remains consfant as long as no nonconservative forces do 
work: KE + PE af some imitial time 1 1s equal to the KE + PE at any later time 2. 
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To say 1t another way, consider Eq.6—11a which tellsus APE = —AKE; that1s, 
1f the kinetic energy KE OÝ a system 1ncreases, then the potential energy PE must 
decrease by an equivalent amount to compensate. Thus, the total, KE + PE, 
remains constant: 


HÝ only conservafive forces do work, the total mechanical energy oŸ a system 
neifher increases nor decreases in any process. Ïí stays consfanf—ïf is conserved. 


Thịs 1s the principle of conservafion of mechanical energy for conservafIve forces. 

In the next Section we shall see the great usefulness of the conservation of 
mechanical energy principle 1n a variety OŸ situations, and how 1t 1s often easler to 
use than the kinematic equations or Newton*s laws. After that we will discuss 
how other forms of energy can be 1ncluded In the general conservation of energy 
law, such as energy associated with friction. 


6—Z Problem Solving Using 
Conservation of Mechanical Energy 


A simple example of the conservation of mechanical energy (neplecting a1r resis- 
tance) 1s a rock allowed to fall due to Earth?s gravity from a heipht h above the 
ground, as shown 1n Eig. 6—17. IÝ the rock starts from rest, all of the Initial energy 
1S potential energy. As the rock falls, the potential energy 7g y decreases (because 
the rock”s heipht above the pround y decreases), but the rock's kinetic energy 
1ncreases to compensate, so that the sum of the two remains constant. At any point 
along the path, the total mechanical energy 1s øIven by 


E = KE+PE = j7 + mgy 


where ? 1s 1s speed at that point. If we let the subscript 1 represent the rock at one 
point along 1s path (for example, the Iinitial point), and the subscript 2 represent 
1t at some other point, then we can wrIte 


total mechanical energy at point1 =_ total mechanical energy at point 2 
or (see also Eq.6—12a) 
3/mU{ + mgyi = 3mU3 + mẹy. [gravity only] (6-13) 


Just before the rock hits the ground, where we chose y = 0, all of the Initial poten- 
tial energy will have been transformed Into kinetic energy. 


EXAMPLE 6-7 | Falling rock. If the initial height of the rock In Fig. 6—17 1s 
vị =h = 3.0m, calculate the rock's velocity when 1t has fallen to 1.0 m above 
the ground. 


APPROACH We apply the principle of conservation of mechanical energy, 
Eq. 6-13, with only gravity acting on the rock. We choose the ground as our 
reference level (y = 0). 


SOLUTION At the moment of release (poit 1) the rock' position 1s 
vị = 3.0m and 1t 1s atrest: ø¡ = 0. We want to find ø; when the rock 1s at pOSI- 
tồn y; = 1.0m. Equation 6—13 g1ves 


2U + m§y, = 2m0 + mạy. 
The zm's cancel out and ?œ¡ = 0Ú, so 
8ời = 2093 + 8y. 
Solving for ø; we find 
1%» = N⁄2g(w — w) = N/2(9.8m/5)|[(3.0m) — (10m)] = 6.3m/s. 


The rock”s velocity 1.0 m above the ground ¡s 6.3 m/s downward. 


NOTE The velocity of the rock is Independent of the rock”s mass. 


CONSERVATTION OF 
MECHANICAL ENERCY 


all potential ïm 

energy 

@ ¿5 —r—\¡=h 
| | PE KE 
MỸ Ỉ Ï 
P2 h 

haÏlf PE, 

half KE l› PE KE 
| l | 


ÀẺ = 
all kinetic du 


energy 


FIGURE 6-17 The rock's potential 
energy changes to kinetic energy as 
1t falls. Note bar graphs representing 
potential energy PE and kinetic 
energy KE for the three different 
pOSItlons. 
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FIGURE 6-18 A roller-coaster car 
moving without friction 1lÌustrates 
the conservation of mechanical 
energy. 


Equation 6—13 can be applied to any obJect moving without friction under 
the action of gravity. For example, Fig. 6—18 shows a roller-coasfer car starting 
from rest at the top of a hill and coasting without friction to the bottom and up 
the hill on the other side. True, there 1s another force besides gravify acting 
on the car, the normal force exerted by the tracks. But the normal force 
acts perpendicular to the đirection of mofion at each point and so does Zero 
work. We Ignore rofational motion of the car)s wheels and treat the car as a 
particle undergoing simple translation. Initially, the car has only potential energy. 
As 1t coasts down the hill, 1t loses potential energy and gains 1n kinetic energy, 
but the sum of the two remains constant. At the bottom of the hill it has 
1s maximum kinetic energy, and as 1t climbs up the other side the kinetic 
energy changes back to potential energy. When the car comes fO rest agaIn at 
the same height from which 1t started, all of 1ts energy wIll be potential energy. 
Given that the gravitational potential energy 1s proportional to the vertical height, 
enerøy conservation tells us that (¡in the absence of friction) the car comes to resf 
at a height equal to 1ts original height. If the two hills are the same height, the car 
wIll Just barely reach the top of the second hill when 1t stops. If the second hiÏÏ 1s 
lower than the first, not all of the car's kinetic energy will be transformed to poten- 
tial energy and the car can continue over the top and down the other side. If the 
second hill 1s higher, the car will reach a maximum heipht on 1t equal to 1fs original 
height on the first hll. Thịs is true (in the absence of friction) no matter how steep 
the hïll is, since potential energy depends only on the vertical height (Eq. 6—6). 


Roller-coaster car speed using energy conservation. 
Assuming the height of the hill in Fig. 6—18 1s 40 m, and the roller-coaster car 
Starfs from rest at the top, calculate (z) the speed of the roller-coaster car af 
the bottom of the hill, and (b5) at what heipht it wIll have half this speed. Take 
y =0 at the bottom of the hill. 

APPROACH We use conservation of mechanical energy. We choose point 1 to 
be where the car starts from rest (0; = 0) at the top of the hill (y; = 40m). In 
part (2), point 2 is the bottom of the hill, which we choose as our reference level, 
so y; = 0. In part (b) we let y; be the unknown. 


SOLUTION (z)We use Eq.6—13 with ø¡ = 0 and y; = 0, which gIves 


mgy, = 3103 
OT 
0a = X2gw 


= N⁄2(9.8m/s)(40m) = 28m/s. 


(b) Now y; will be an unknown. We again use conservation oŸ energy, 


2mU1 + mgyi = 2m0) + mặy›, 
buftnow ?; = 2(28 m/s) = 14m/s and ?œ;¡ = 0. Solving for the unknown y; ø1ves 


) (14m/s)° 
 — —— = 40m 2 = 30m. 
2g 2(9.8 m/s“) 
That is, the car has a speed of 14 m/s when it is 30 œerficaÏ meters above the lowest 
ponnt, both when descending the left-hand hill and when ascending the right-hand 
h1. 


The mathematics of the roller-coaster Example 6—8 1s almost the same as In 
Example 6—7. But there 1s an important difference between them. In Example 6—7 
the motion 1s all vertical and could have been solved using force, acceleration, 
and the kinematic equations (Eqs.2—11). For the roller coaster, where the motion Is 
not vertical, we could 7øø/ have used Eqs. 2—11 because ø 1s not constant on the 
curved track of Example 6—8. But energy conservation readHly øIves us the answer. 
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Speeds on two water slides. Two water Paul 
slides at a pool are shaped differently, but start at the same height ⁄ (Eig. 6—19). \Z 
TWwo riders start from rest at the same time on different slides. (z) Which rider, Paul —x: 
or Corinne, 1s traveling faster at the bottom? (b) Which rider makes 1t to the 
bottom first? Ignore friction and assume both slides have the same path length. 


PE KE 


RESPONSE (ø) Each riders imitial potential energy ?:gh gets transformed to 
kinetic enersy, so the speed ø at the bottom is obtained from jzz? = zgh. The 
mass cancels and so the speed will be the same, regardless of the mass of the rider. 
Since they descend the same vertical height, they wIll finish with the same speed. 
(b) Note that Corinne 1s consistently at a lower elevation than Paul at any Insfant, 
until the end. This means she has converted her potenfial energy to kinetic energy 
earlier. Consequently, she 1s traveling faster than Paul for the whole trip, and 
because the distance 1s the same, Corinne getfs to the bottom first. Nã 


FIGURE 6-19 Example 6—9. 


FIGURE 6-20 Transformation of 
energy during a pole vault: 
KE —> PEe| —> PEG. 


There are many 1nteresting examples of the conservation oŸ energy 1n spOrts, 
such as the pole vault illustrated In Eig. 6-20. We often have to make approxIima- 
tions, but the sequence of evenfs 1n broad outline for the pole vault 1s as follows. 
The Initial kinetic energy of the running athlete 1s transformed Into elastic 
potential energy of the bending pole and, as the athlete leaves the ground, into 
graviftational potential energy. When the vaulter reaches the top and the pole 
has straightened out again, the energy has all been transformed 1nto gravitational 
potential energy (If we ipnore the vaulter”s low hor1zontal speed over the bar). The 
pole does not supply any energy, but 1t acfs as a device to sore energy and thus aid :nils'2aul\sisa.EEebiiieeeeriierini 
¡n the transformation of kinetic energy into gravitational potential energy, which „2s so Jow thatit may even pass 
1s the net result. The energy required to pass over the bar depends on how high thê below the bar. 
cenfer of mass (CM) of the vaulter must be raised. By bending their bodies, pole 
vaulters keep the1r CM so low that 1t can actually pass shphtly beneath the bar 
(Fig. 6-21), thus enabling them to cross over a hipher bar than would otherwise 
be possible. (Center of mass is covered in Chapter 7.) 

As another example of the conservation of mechanical energy, let us consider 
an object of mass # connected to a compressed horizontal spring (Fig.6—13b) whose 
own mass can be neglected and whose spring stiffness constant 1s k. When the spring 
1S released, the mass z has speed ø at any moment. The potential energy of the 
system (object plus spring) is š kx”, where x is the displacement of the spring from 
1{s unstretched length (Eq. 6-9). If neither friction nor any other force 1s acting, 
conservation of mechanical energy tells us that 


FIGURE 6-21 By bending her body, 


smU† + ÿkx† = smu) + 3k+x?, [elastic PEonly] (6-14) 


where the subscriptfs 1 and 2 refer to the velocity and displacement at two dIffer- 
ent momens. 
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FIGURE 6-22 Example 6—10. 

(a) A dart is pushed agaInst a 
Spring, compressing it 6.0 cm. The 
đart is then released, and ïn (b) it 
leaves the spring at velocIty œ;. 


FIGURE 6-23 Example 6—11. 
A falling ball compresses a spring. 


T ÿ=j=b 
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Toy dart gun. A dart of mass 0.100 kg is pressed against 
the spring of a toy dart gun as shown 1n Fig. 6—22a. The spring, with spring 
stiffness constant & = 250N/m and ignorable mass, is compressed 6.0 em 
and released. If the dart detaches from the spring when the spring reaches 1ts 
natural lensth (x = 0), what speed does the dart acquire? 


APPROACH The dart 1s initially at rest (point 1), so KE¡ = 0. Weignore friction 
and use conservation of mechanical energy; the only potential energy 1s elastic. 


SOLUTION_ We use Eq. 6ó—14 with point 1 being at the maximum compression 
of the spring, so ø¡ = 0 (dart not yet released) and x; = —0.060m. Point 2 we 
choose to be the instant the dart flies off the end of the spring (Fig. 6—22b), so 
x¿ = 0 and we want to fnd ø;. Thus Eq.6—14 can be wriften 
0 + ÿkx? = ÿmu + 0. 
Then 
kxi (250 N/m)(—0.060 m)“ 


2 = = = 90m2/$ 
wr (0.100 kg) BS 


and œ; = V?? = 3.0m/s. 


Two kinds of potential energy. A ball of mass  = 2.60 kg, 
starting from rest, falls a vertical distance ⁄ = 55.0cm before striking a 
vertical coiled spring, which it compresses an amount Y = 15.0cm (Fig. 6-23). 
Determine the spring stiffness constant & of the spring. Assume the spring has 
negligible mass, and 1gnore arr resistance. Measure all distances from the point 
where the ball first touches the uncompressed spring (y = 0 at this point). 


APPROACH The forces acting on the ball are the gravitational pull of the 
Earth and the elastic force exerted by the spring. Both forces are conservative, 
SO We€ Can use conservation of mechanical energy, Including both types of poten- 
tial energy. We must be careful, however: gravity acts throughout the fall 
(Eig. 6-23), whereas the elastic force does not act until the ball touches the spring 
(Eig.6-23b). We choose y positive upward, and y = 0 at the end of the spring in 
1s natural (uncompressed) state. 


SOLUTIONWe divide thĩs solution Into two parts. (An alternate solution follows.) 
Part T: Let us first consider the energy changes as the ball falls from a height 
vị =h = 0.550m, Fig.6-23a, to y; = Ú, Just as 1t touches the spring, Hig.6—23b. 
Our system 1s the ball acted on by gravity plus the spring (which up to this point 
doesn't do anythine). Thus 


3mU{ + mgy = 3m0 + mạy 
0 +gh = ÿmu) + 0. 


We solve for ; = V2gh = 1/2(9.80 m/s?)(0.550 m) = 3.283 m/s + 3.28m/s. 
Thịs 1s the speed of the ball Just as 1t touches the top of the spring, Flg. 6—23b. 
Part 2: As the ball compresses the spring, Figs. 6—23b to c, there are twO COnS€T- 
vaftive forces on the ball—gravity and the spring force. So our conservation of 
energy equatIon 1s 


E; (ball touches spring) =_ E; (spring compressed) 


2m03 + mgy› + 3ky) = 3mu} + mạy + 3ky3. 


Substituting y; = 0, œ = 3.283m/s, œ› =0 (the ball comes to rest for an 
instant), and y; = —Y = —0.150m, we have 


smu) + 0 + 0 = 0— mgYŸY + ÿk(—YŸ!. 
We know r, œ;, and Y, so we can solve for k: 
2 m 
k= v3 li m5 + mgŸY] = v9 + 2£Y] 


"`"... 1.5... ẽẽ.ẽốẽ ẽ 
” 10150mÿ Lễ” m/s)? + 2(9.80 m/s?)(0.150 m)] = 1590N/m. 


Alternate Solution Instead of dividing the solution Into two parts, we can do 1t 
all at once. After all, we get to choose what two poinfs are used on the left and 
ripht of the energy equation. Let us wrIte the energy equation for poinfs 1 and 31n 
Fig. 6-23. Point 1 is the imitial point just before the ball starts to fall (Fig. 6—23a), 
so ¡ = 0, and y¡ = h = 0.550m. Poit 3 is when the spring 1s fully compressed 
(Fig. 6-23c), so 0z = 0Ú, Đ› Y 0.150m. The forces on the ball in this 
process are gravity and (at least part of the time) the spring. So conservation of 
energy tells us 


›mui + mạy, + 3k(U)7 = 2mu$ + mạy + 2ky 
0 +mgh + 0 = 0 —- mgY +jkY? 
where we have set y = 0Ú for the spring at point 1 because If is not acting and 1s 
not compressed or stretched. We solve for Kk: 
: 2mg(h +Y)  2(2.60kg)(9.80 m/s”)(0.550m + 0.150 m) 
s y? s (0.150 m)? 


= 1590N/m 


Jjust as in our first method of solution. 


—8 Other Forms of Energy and 
Energy Transformations; 
The Law of Conservation of Energy 


Besides the kinetic energy and potential energy of mechanical systems, other 
forms of energy can be defined as well. These include electric energy, nuclear 
enersy, thermal energy, and the chemical energy stored In food and fuels. 
These other forms of energy are considered to be kinetic or potential energy 
at the atomic or molecular level. For example, according to atomic theory, 
thermal energy 1s the kinetic energy of rapidly moving molecules—when an 
object 1s heated, the molecules that make up the object move faster. On the 
other hand, the energy stored 1n food or 1n a fuel such as gasoline 1s regarded 
as potential energy stored by virtue of the relative positions of the atoms within 
a molecule due to electric forces between the atoms (chemical bonds). The 
energy in chemical bonds can be released through chemical reactions. This 1s 
analogous to a compressed spring which, when released, can do work. Electric, 
magnetic, and nuclear energies also can be considered examples of kinetic and 
potential (or stored) energies. We will deal with these other forms of energy 
1n later Chapters. 

Energy can be transformed from one form to another. For example, a rock 
held high In the alr has potential energy; as 1t falls, 1t loses potential energy and 
gaIns In kinetic energy. Potential energy 1s being transformed into kinetic energy. 

Often the transformation of energy involves a transfer of energy from one 
object to another. The potential energy stored In the spring of Fig. 6—13b 1s 
transformed Into the kinetic energy of the ball, Fig. 6—13c. Water at the top of a 
waterfall (Fig. 6-24) or a dam has potential energy, which 1s transformed Into 
kinetic energy as the water falls. At the base of a dam, the kinetic energy of the 
water can be transferred to turbine blades and further transformed Into electric 
energy, as discussed later. The potential energy stored in a bent bow can be 
transformed info kinetic energy of the arrow (Fig. 6—25). 

In each of these examples, the transfer oŸ energy 1s accompanied by the 
performance of work. The spring of Fig. 6—13 does work on the ball. Water does 
work on turbine blades. A bow does work on an arrow. This observafion ø1ves us 
a further insight into the relation between work and energy: ?0ork is done tuhen 
energy is transferred from one object to another." 


TIf the objects are at different temperatures, heat can flow between them instead, or in addition. See 
Chapters 14 and 15. 


l£ PROBLEM SOLVING 
Quicker Solution 


FIGURE 6-24 Gravitational 
potential energy of water at the top 
of Yosemite Falls øets transformed 
Into kinetic energy as the wafer 
falls. (Some of the energy 1s 
transformed into heat by alr 
resistance, and some into sound.) 


FIGURE 6-25 Potential enersy of a 
bent bow about to be transformed 
1nto kinetic energy Of an arrow. 


SECTION 6-8 Other Forms of Energy and Energy Transformations; The Law of Conservation ofEnergy TBB 


LAW OF 
CONSERVATION 
OFTENERCGY 


One of the great results of physics 1s that whenever energy 1s transferred or 
transformed, It 1s found that no energy 1s gaIned or lost in the process. 

Thịs 1s the law of conservafion of energy, one of the most Important princi- 
ples in physics; 1t can be stated as: 


The total energy is nei(her increased nor decreased in any process. Energy 
can be transformed from one form to anofher, and transferred from one 
object to another, but the tofal amounf remains consfant. 


We have already discussed the conservation of energy for mechanical systems 
1nvolving conservafive forces, and we saw how 1t could be derived from Newton”s 
laws and thus 1s equivalent to them. But In its full generality, the validity of the 
law OÝ conservation of energy, encompassing all forms of energy 1ncluding those 
associated with nonconservafive forces like friction, rests on experimenftal obser- 
vation. Even though Newton'”s laws are found to fail in the submicroscopic world 
Of the atom, the law of conservation of energy has been found to hold In every 
experimental situation so far tested. 


6-9 Energy Conservation with 
Dissipative Forces: Solving Problems 


In our applications of energy conservation in Section 6—7, we neglected friction 
and other nonconservative forces. But 1n many situations they cannot be 1gnored. 
In a real situation, the roller-coaster car in Fig.6—18, for example, will not 1n fact 
reach the same height on the second hIll as 1t had on the first hill because of fric- 
tion. In this, and In other natural processes, the mechanical energy (sum of the 
kinetic and potential energies) does not remain constant but decreases. Because 
frictional forces reduce the mechanical energy (but zø the total energy), they are 
called dissipafive forces. Historically, the presence of dissipative forces hindered 
the formulation of a comprehensive conservation of energy law until well into 
the nineteenth century. lt was only then that heat, which 1s always produced 
when there 1s friction (try rubbing your hands together), was Interpreted In terms 
Of enerey. Quantitative studies by nineteenth-century scientists (discussed in 
Chapters 14 and 15) demonstrated that 1ƒ heat is considered as a transfer of 
enerøgy (thermal energy), then the total energy 1s conserved in any process. For 
example, 1f the roller-coaster car In Flig. 6-18 1s subJect to frictional forces, 
then the Imitial total energy of the car wIll be equal to the kinetic plus potential 
energy of the car at any subsequent point along 1s path plus the amount of 
thermal energy produced in the process (equal to the work done by friction). 
Let us recall the general form of the work-energy principle, Eq. 6—10: 


Wc = ÂKE + APE, 


where WẰNc 1s the work done by nonconservative forces such as friction. Consider 
an object, such as a roller-coaster car, as a particle moving under gravity with 
nonconservative forces like friction acting on 1t. When the obJect moves from some 
pomt 1 to another point 2, then 


WNc = KEạ — KEI + PEạ — PEỊ. 
W© can rewrIte this as 
KEi + PE| + WNc = KE¿ + PE¿. (6-15) 


For the case of friction, Wqc = — F„đ, where đ1s the distance over which the friction 
(assumed constant) acts as the object moves from poïnt 1 to poïnt 2. (EF and dare 
in opposite directions, hence the minus sipgn from cos 180° = —1 In Eq.6-1.) 
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With KE = ÿ72? and PE = zngy, Eq.6-15 with Wqc = —„đ becomes 


gravity and 
friction acting 


3 MU + mgy, — Fự„d = 3 MU + mgy. | (6—16a) 


That 1s, the initial mechanical energy 1s reduced by the amount ?„đ. We could 
also write this equation as 


mui Ð mgy = )mu) + mạy; + Fạd øravity and 
Or Íriction (6-16b) 
KE| + PEỊ = KE; + PE¿y + Hựạd, actng 


and state equally well that the Initial mechanical energy of the car (point 1) equals 
the (reduced) final mechanical energy of the car plus the energy transformed by 
friction 1nto thermal energy. 

Equations 6—16 can be seen to be Eq.6—13 modified to include nonconserva- 
tive forces such as friction. As such, they are statements of conservation of 
energy. When other forms of energy are Involved, such as chemical or electrical 
energy, the total amount of energy 1s always found to be conserved. Hence the 
law oŸ conservation of energy 1s believed to be universally valid. 


EXERCISE F Return to the Chapter-Opening Question, page 138, and answer it again 
now. Iry to explain why you may have answered differently the first time. 


Work-Energy versus Energy Conservation 


The law of conservation of energy 1s more general and more powerful than the 
work-energy principle. Indeed, the work-energy principle should not be viewed 
as a statement of conservation oŸ energy. It is nonetheless useful for mechanical 
problems; and whether you use 1t, or use the more powerful conservation of 
energy, can depend on your choøice øƒ the sysfem unđer study. IÝ you choose as 
your system a particle or rigid obJect on which external forces do work, then you 
can use the work-energy principle: the work done by the external forces on your 
obJect equals the change 1n 1s kinetic energy. 

On the other hand, 1f you choose a system on which no external forces do 
work, then you need to apply conservation of energy to that system directly. 

Consider, for example, a spring connected to a block on a frictionless table 
(Eig. 6-26). If you choose the block as your system, then the work done on the 
block by the spring equals the change 1n kinetic energy of the block: the work- 
energy principle. (Energy conservation does not apply to this system——the block”s 
energy changes.) If instead you choose the block plus the spring as your system, 
no external forces do work (since the spring is part of the chosen system). 
To this system you need to apply conservation of energy: 1Ÿ you compress the spring 
and then release it, the spring still exerts a force” on the block, but the subsequent 
motion can be discussed in terms of kinetic energy (3zz??) plus potential energy 
(kx”), whose total remains constant. 

You may also wonder sometimes whether to approach a problem using work 
and energy, or instead to use NÑewton's laws. As a rough guideline, 1f the force(s) 
1nvolved are constant, either approach may succeed. If the forces are not consfant, 
and/or the path 1s not simple, energy may be the better approach because 1t 1s 
a scalar. 

Problem solving 1s not a process that can be done by simply following a set 
Of rules. The Problem Solving Strategy on the next page, like all others, 1s thus 
nof a prescription, but is a summary to help you get started solving problems Involv- 
1nØ ©n€T8y. 


“The force the spring exerts on the block, and the force the block exerts back on the spring, are not 
“external” forces—they are within the system. 


# PROBLEM SOLVING 
Choosing the system 


FIGURE 6-26 A spring connected 


to a block on a frictionless table. 


T you choose your system to be the 


block plus spring, then 
E= 3m®ˆ7 + 3kx? 


1s conserved. 


se energy, or Neuuton latus? 
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Conservation of Energy 


1. Draw a picture of the physical situation. 


2. Determine the system for which you wIll apply energy 


conservation: the obJect or objects and the forces 
acting. 


‹ Ask yourself what quantity you are looking for, and 


choose inifial (point 1) and final (point 2) positions. 


.‹ T the object under Investigation changes 1s height 


during the problem, then choose a reference frame 
with a convenlent y = 0 level for gravitational 
potential energy; the lowest point In the situation 1s 
often a good choïce. 

TỶ springs are Involved, choose the unstretched 
spring position to be x (or y) = 0. 


EXAMPLE 6-12 ESTIMATE 


roller-coaster car in Example ó—8 reaches a vertical height of only 25 m on the 
second hill, where 1t slows to a momentary stop, Fig.6—27. It traveled a total 
distance of 400 m. Determine the thermal energy produced and estimate the 
average friction force (assume ïf is roughly constant) on the car, whose mass Is 


5. Is mechanical energy conserved? If no friction or 


other nonconservative forces act, then conservation 
of mechanical energy holds: 


KE+ T PE| = KE;ạ + PEạ. (6—12a) 


‹ Apply conservafion of energy. If friction (or other 


nonconservative forces) are present, then an addi- 
tional term (Wc) will be needed: 

Wưạc = ÂKE + ÁPE. (6-10) 
For a constant friction force acting over a distance đ 
(6—-16b) 
For other nonconservafive forces use yOur 1ntuifion 
for the sign of WNc: 1s the total mechanical energy 
1ncreased or decreased In the process? 


KE, + PE| = KE; + PE; + #!ựyd. 


„ Use the equation(s) you develop to solye for the 


unknown quantity. 


1000 kẹ. 
APPROACH We explicitly follow the Problem Solving Strategy above. 
FIGURE 6-27 Examplc 6-12. TC GHI 
Because of friction, a roller-coaster 1. Draw a picture. See Elg. 6—27. 


car does not reach the original heipht | 2, The system. The system is the roller-coaster car and the Earth (which exerts 
the gravitational force). The forces acting on the car are øravity and friction. 
(The normail force also acts on the car, but does no work, so 1t does not affect 
the energy.) ravity is accounted for as potential energy, and Íriction as 


on the second hilI. (Not to scale.) 


a term # d. 


3. Choose inifial and final posifions. We take poïnt 1 to be the instant when the 
car started coasting (at the top of the first hill), and point 2 to be the Instant 


1t stopped at a height of 25 m up the second hill. 


4. Choose a reference frame. We choose the lowest point In the motion to be 


y = 0 for the gravitational potential energy. 


5. Is mechanical energy conserved? No. Friction 1s present. 


6. Apply conservafion of energy. There 1s friction acting on the car, so we use 
conservafion of energy 1n the form of Eq. 6-16b, with œ¡ =0, yị¡ = 40m, 


=0, yy = 25m, and đ = 400m. Thus 
0 + (1000 kg)(9.8m/s?)(40m) = 0 + (1000 kg)(9.8 m/s?)(25m) + #„d. 


7. Solye. We solve the above equation for #‡; đ, the energy dissipated to thermal 


©nergy: 


Fạ„ạd = mg Ah = (1000kg)(9.8m/s”)(40m — 25m) = 1470001. 


The friction force, which acts over a distance of 400 m, averages out to be 


z = (1.47 x 1071)/400m = 370N. 


NOTE This result is only a rough average: the friction force at varIous points 


depends on the normal force, which varies with slope. 
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Friction on the roller-coaster car. The 


6—1O Power 


Power is defined as the rafe at thích t0ork ¡is done. Average power equals the 
work done divided by the time to do 1t. Power can also be defined as the rafe af 
tuhich energy ¡s transƒformed. Thus 


5 work energy transformed 
P = averap€epOWeIT = = : 


: : (6-17) 
time time 
The power rafting of an engine refers to how much chemical or electrical energy 
can be transformed into mechanical energy per unit time. In SĨ unifs, DOWeT 1S meas- 
ured ïn joules per second, and this unit 1s given a special name, the watt (W): 
1W =11/s. We are most familiar with the watt for electrical devices, such as 
the rate at which an electric lightbulb or heater changes electric energy Into light 
or thermal energy. But the watt 1s used for other types of energy transformations 
as well. 

In the British system, the unit of power ¡is the foot-pound per second (ft - Ib/s). 
For practical purposes, a larger unit is often used, the horsepower. One horsepower” 
(hp) ¡is defined as 550 ft-Ib/s, which equals 746 W. An engine”s power is usually 
specified in hp or in kW (1kW + 13hp)Ÿ. 

To see the distinction between energy and power, consider the following 
example. A person 1s limited In the work he or she can do, not only by the total 
enersy requrred, but also by how fast this energy 1s transformed: that 1s, by pOWer. 
For example, a person may be able to walk a long distance or climb many flights 
Of stalrs before having to stop because so much energy has been expended. 
On the other hand, a person who runs very quickly up stairs may feel exhausted 
after only a flight or two. He or she 1s limited in this case by power, the rafe at 
which his or her body can transform chemical energy into mechanical energy. 


Stair-climbing power. A 60-kg jogger runs up a long 
flight of stairs in 4.0 s (Eig. 6-28). The vertical height of the stairs 1s 4.5 m. 
(a) Estimate the Jogger's power output in watts and horsepower. (b) How 
much energy did this require? 


APPROACH The work done by the Jogger 1s against gravity, and equals 
W = mgy. To get her average power ouftput, we divide W by the time 1t took. 


SOLUTION (a) The average power output Wwas 


z 60 kg)(9.8 m/s”)(4.5m 
...... 8)( /s( N.... 
f f 4.0 


Since there are 746 Win 1 hp, the Jogger 1s doing work at a rate oŸJust unđer 1 hp. 
A human cannot do work at this rate for very long. 

(b) The energy required is # = ¿ = (660 1/s)(4.0s) = 2600 J. This result equals 
W = mạgy. 

NOTE The person had to transform more energy than this 2600 J. The total 
energy transformed by a person or an engine always Iincludes some thermal 
energy (recall how hot you øet running up s(aIrs). 


Automobiles do work to overcome the force of friction and aIr resistance, 
to climb hills, and to accelerate. A car 1s limited by the rate at which 1t can do 
work, which is why automobile engines are rated in horsepower or kilowatfs. 


PThe unit was chosen by James Watt (1736-1819), who needed a way to specify the power of his 
newly developed steam engines. He found by experiment that a good horse can work all day at an 
average rate of about 360 ft-Ib/s. So as not to be accused of exaggeration ín the sale of his steam 
engines, he multiplied this by 1 when he defined the hp. 


‡] kW = (1000 W)/(746 W/hp) + l13hp. 


@©cAuTioN _ 
Distinguish beft0een 
DOUU€F and energy 


FIGURE 6-28 Example 6—13. 


đÒPpHnvysics APPLIED 
Pot-uer needs öoŸa car 
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mỹ sin 100 


FIGURE 6-29 Example 6—14. 
Calculation of power needed for a 
car to climb a hill. 


A car needs power most when chmbing hills and when accelerating. In the next 
Example, we will calculate how much power 1s needed 1n these situations for a 
car of reasonable size. Even when a car travels on a level road at constant 
speecd, 1t needs some power just to do work to overcome the retarding forces of 
1nternal friction and arr resistance. These forces depend on the conditions and 
speecd of the car, but are typically 1n the range 400 N to 1000. 

]t 1s often convenlent fo wrIfe power 1n terms of the net force applied to an 
object and its speed 0. This is readily done because ? = W/¡ and W = Ƒd, where 
đ 1s the distance traveled. Then 

W tả 


P P 7 tù, (6-18) 


where ø = đ/f is the average speed of the object. 


Power needs of a car. Calculate the power required of a 
1400-kg car under the following circumstances: (z) the car climbs a 10° hill 
(a fairly steep hill) at a steady 80 km/h; and (?) the car accelerates along a level 
road from 90 to 110 km/h in 6.0 s to pass another car. Assume the average 
retarding force on the car 1s ạ = 700N throughout. See Fig. 6-29. 


APPROACH First we must be careful not to confuse Ểạ, which is due to air 
resistance and friction that retards the motion, with the force Ê needed to accel- 
erate the car, which 1s the frictional force exerted by the road on the tires—the 
reaction to the mofor-driven tires pushing agaInst the road. We must determine 
the magnitude of the force # before calculating the power. 

SOLUTION (ø) To move at a steady speed up the hill, the car must, by New- 
ton”s second law, exert a force # equal to the sum of the retarding force, 700, 
and the component of gravity parallel to the hill, zg sin 10”, Eig.6—29. Thus 


F = 700N + mgsm 10 
= 700N + (1400 kg)(9.80 m/s”)(0.174) = 3100N. 
Since ø = §0km/h = 22m/sỈ and is parallel to E, then (Eq. 6-18) the power is 
P = Fò = (3100N)(22m/s) = 6.8 x 10W = 68kW = 9lhp. 
(b) The car accelerates from 25.0 m/s to 30.6 m/s (90 to 110 km/h) on the flat. 


The car must exert a force that overcomes the 700-N retarding force plus that 
required to give 1t the accelerafion 
30.6 m/s — 25.0m/s 
P = / ;9) =_0.93m/%“. 
6.0s 
We apply Newton”s second law with x being the hor1zontal direction of motion 
(no component oŸ øravity): 


may = XFy = F— ÈFạ. 


We solve for the force required, #: 
F = may + Fạ 
= (1400kg)(0.93m/s?) + 700N = 1300N + 700N = 2000N. 


Since P = Ƒò, the required power increases with speed and the motor must be 
able to provide a maxImum power output 1n this case of 


P = (2000N)(30.6m/s) = 6.1 x 10W = 61kW = 82hp. 


NOTE Even taking Into account the fact that only 60 to 80% of the engine”s 
pOWer oufput reaches the wheels, 1t 1s clear from these calculations that an engine 
of 75 to 100 kW (100 to 130 hp) is adequate from a practical point oŸ view. 


TRecall 1 km/h = 1000 m/3600 s = 0.278 m/s. 
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'We mentioned In Example 6—14 that only part of the energy oufput 0Ÿ a car 
engine reaches the wheels. Not only 1s some energy wasted in getting from the 
engine to the wheels, In the engine itself most of the Input energy (from the burning 
Of gasoline or other fuel) does not do useful work. An important characteristic of 
all engines 1s their overall effieiency e, defined as the ratio of the useful power 
output of the engine, #2, to the power Input, #iạ (provided by burning of øaso- 
line, for example): 

h 

The efficiency 1s always less than 1.0 because no engIne can create energy, and 
no engine can even transform energy from one form to another without some 
energy going fo friction, thermal energy, and other nonuseful forms oŸ energy. 
For example, an automobile engine converts chemical energy released in the burn- 
1ngø of øgasoline Iinto mechanical energy that moves the pistons and eventually the 
wheels. But nearly 85% of the input energy 1s “wasted” as thermal energy that 
øoes Info the cooling system or out the exhaust pipe, plus friction 1n the moving 
parts. Thus car engines are rouphly only about 15% efficient. We will discuss 


 = 


efficiency in more detail in Chapter 15. 


 Summary 


Work is done on an object by a force when the object moves 
throuph a distance d. If the direction of a constant force F 
makes an angle Ø with the direction of motion, the work done 


by this force 1s 


W = Fdcos0. (6—1) 


Energy can be defined as the ability to do work. In SĨ units, 
work and energy are measured in joules (1 J = 1N-m). 

Kinetic energy (KE) 1s energy of motion. An object of 
mass 7 and speed 0 has franslational kinetic energy 


KE = ÿ/10. (6-3) 


The work-energy principle states that the ze/ work done on 
an obJect (by the øe force) equals the change 1n kinetic energy 
of that oblect: 


Wnei = AKE = 37H03 — 3mMUƒ. (6-4) 


Potential energy (PE) is energy associated with forces that 
depend on the position or confguration of objects. Gravitational 
potential energy 1s 


PEG = /8ÿ, (6-6) 


where y 1s the height of the obJect of mass + above an arbitrary 


reference point. Elastic potential energy 1s øIven by 
PEQ = ÿ&XZ (6-9) 


for a stretched or compressed sprIng, where x is the displacement 


{rom the unstretched position and k 1s the spring sfiffness con- 
stan(. Other potential energies include chemical, electrical, and 
nuclear energy. The change in potertial energy when an object 
changes position ¡s equal to the exfernal t0ork needed to take 
the object from one position to the other. 

Potential energy 1s associated only with conservafive forces, 
for which the work done by the force in moving an obJect from 
one position to another depends only on the two positions and 
not on the path taken. Nonconservafive forces like friction are 
different—work done by them does depend on the path taken 
and potential energy cannot be defined for them. 

The law of conservafion of energy states that energy can 
be transformed from one type to another, but the total energy 
remains constant. It 1s valid even when fẨriction 1s present, 
because the heat generated can be considered a form of energy 
transfer. When only conseruafiue ƒorces act, the total mechanical 
ener8y 1s cOnserved: 


KE + PE = constant. (6-12) 


'When nonconservative forces such as friction act, then 


Wc = AKE + APE, (6-10, 6—15) 


where WNc 1s the work done by nonconservative forces. 

Power ¡is defined as the rate at which work 1s done, or the 
rate at which energy 1s transformed. The SI unit of power 1s 
the watft (1W = 11/5). 


 Questions 


1. In what ways 1s the word “work” as used in everyday lan- 
guaøge the same as If is defined in physics? In what ways 1s 
1t điferent? Give examples of both. 

2. Can a centripetal force ever do work on an object? 
Explain. 

3. Why 1s ïf tiring to push hard against a solid wall even though 
you are doïng no work? 

4. Can the normal force on an oblject ever do work? Explain. 


5. You have two springs that are identical except that spring 1 
1s stiffer than spring 2 (k¡ > k¿). On which spring is more 
work done: (4) 1f they are stretched using the same force; 
() 1f they are stretched the same distance? 


6. If the speed of a particle triples, by what factor does 1fs 
kinetic energøy Increase? 


7. List some everyday forces that are not conservafive, and 
explain why they aren't. 


Ouestions T6T 


§. A hand exerts a constant horizontal force on a block that 1s 


10. 


11. 


12. 


13. 


14. 


15. 


free to slide on a frictionless surface (Eig. 6-30). The block 
starts from rest at point A, and by the time ït has traveled 
a distance đ to ponnt B it is traveling with speed øpg. When 
the block has traveled another distance đ to point C, wIll 1ts 
speed be greater than, less than, or equal to 2p? Explain 
YOUT reasoning. 


Ẫ 


——d——+ 


đ—— 
A B 


FIGURE 6-30 Ouestion 8. 


. You lift a heavy book from a table to a hiph shelf. List the 


forces on the book during this process, and state whether 
each 1s conservaftive or nonconservafIve. 


A hill has a height h. A child on a sled (total mass zn) slides 
down starting from rest at the top. Does the speed at the 
bottom depend on the angle of the hill If (2) it is icy and 
there is no friction, and (b) there is friction (deep snow)? 
Explain your answers. 


Analyze the motion of a simple swinging pendulum in 
terms of energy, (2) ipgnoring friction, and (?) taking fric- 
tion Iinto account. Explain why a grandfather clock has to 
be wound up. 


In Eig. 6-31, water balloons are tossed from the roof of 
a building, all with the same speed but with different 
launch angles. Which one has the highest speed when 1t 
hits the ground? Ignore aIr resistance. Explain your answWer. 


FIGURE 6-31 


TÊN 
Question 12. ¬—=i 


What happens to the gravitational potential energy when 
water at the top of a waterfall falls to the pool below? 


Experienced hikers prefer to step over a fallen log in their 
path rather than stepping on top and stepping down on the 
other side. Explain. 


The energy transformations In pole vaulting and archery 
are discussed In this Chapter. In a similar fashion, discuss 
the energy transformations related to: (z) hitting a golf 
ball; (b) serving a tennis ball; and (c) shooting a basket in 
basketball. 
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16. Describe precisely what 1s “wrong” physically in the famous 


Escher drawing shown In Eig. 6—32. 


FIGURE 6-32 
Question 16. 


17. Two identical arrows, one with twice the speed of the other, 


18 


are fired into a bale of hay. Assuming the hay exerts a 
consftant “frictional” force on the arrows, the faster arrow 
wIll penetrate how much farther than the slower arrow? 
Explain. 


A heavy ball is hung from the ceiling by a steel wire. The 
1nstructor pulls the ball back and stands against the wall 
with the ball against his chín. To avoid injury the Instructor 
1S supposed to release the ball without pushing it (Eig. 6ó—33). 
Why? 


FIGURE 6-33 Ouestion 18. 


19. Describe the energy transformations when a child hops 


around on a pogo stick (there is a spring inside). 


20. Describe the energy transformations that take place when a 


skler starts skiing down a hïll, but after a time is brought 
to rest by striking a saowdrift. 


21. SŠuppose you hift a suitcase from the floor to a table. The work 


you do on the suitcase depends on which of the following: 
(a) whether you lift it straight up or along a more complicated 
path, (b) the time the lifting takes, (c) the height of the table, 
and (3) the weight of the suitcase? 


22. Repeat Question 21 for the po+øer needed Instead of the 


WOIK. 


23. Why 1s it easler to climb a mountain via a ZzIgzag trail rather 


than to climb straight up? 


MisConceptual Questions 


1. You push very hard on a heavy desk, trying to move It. You 

do work on the desk: 

(z) whether or not it moves, as long as you are exerting a 
Íorce. 

(B) only If ït starts moving. 

(c) only 1f it doesn”t move. 

(đ) never—it does work on you. 

(c) None of the above. 


„ A satellite in circular orbit around the Earth moves at con- 
stant speed. This orbit is maintained by the force 0Ÿ øravity 
between the Earth and the satellite, yet no work 1s done on 
the satellite. How is this possible? 

(2) No work is done If there is no contact between obJects. 

(b) No work ¡is done because there is no øravity in space. 

(c) No work ¡is done If the direction of motion 1s 
perpendicular to the force. 

(đ) No work 1s done If objects move ïn a circle. 


. _ When the speed of your car 1s doubled, by what factor does 
1ts kinetic energy Increase? 


(a3) V2. (b)2. (c)4. (48. 


. A car traveling at a velocity can stop In a minimum 
distance đ. What would be the car` minimum stopping 
distance 1 1t were traveling at a velocity of 2? 

(a) d. (b) V2d. (c) 2d. (4) 4d. (e) 8d. 


. A bowling ball is dropped from a height h onto the center 
of a trampoline, which launches the ball back up Into the air. 
How hiph will the ball rise? 

(4) Sipnificantly less than ?. 

(b) More than ?. The exact amount depends on the mass of 
the ball and the springiness of the trampoline. 

(c) No more than —probably a little less. 

(4) Cannot tell without knowing the characfteristics of the 
trampoline. 


. A ball is thrown straipht up. At what point does the ball 

have the most energy? Iønore alr resistance. 

(2) At the highest poïnt of its path. 

(b) When it Is first thrown. 

(c) Just before it hits the pround. 

(đ) When the ball is halfway to the hipghest poïnt of its 
path. 

(e) Everywhere; the energy of the ball ¡s the same at all of 
these poInts. 


. A car accelerates from rest to 30 km/h. Later, on a hiph- 
way 1t accelerates from 30 km/h to 60 km/h. Which takes 
more enersy, øoing from 0 to 30, or from 30 to 602 
(2) 0 to 30 km/h. 

(b) 30 to 60 km/h. 
(c) Both are the same. 


‹ Engines, Including car engines, are rated In horseDOwer. 

'What 1s horsepower? 

(2) The force needed to start the engine. 

(B) The force needed to keep the engine running at a 
Steady rate. 

(c) The energy the engine needs to obtain from gasoline 
or some other source. 

(đ) The rate at which the engine can do work. 

(c) The amount of work the engine can perform. 


9. 


10. 


` 


11. 


12. 


13. 


14. 


Two balls are thrown off a building with the same speed, 

one straipht up and one at a 45” angle. Which statement Is 

true I air resistance can be ignored? 

(a) Both hit the ground at the same time. 

(5) Both hit the ground with the same speed. 

(c) The one thrown at an angle hits the ground with a 
lower speed. 

(đ) The one thrown at an angle hits the ground with a 
higher speed. 

(c) Both (2) and (0). 


A skler starts from rest at the top of each of the hills shown 
in Eig. 6-34. On which hill will the skler have the hiphest 
specd at the bottom 1 we ignore friction: 
(a). (b), (c), (đ). or (e) c and đ equally? 


s4 ` 
` 
` bố. à 
(4) (b) c) (4) 


( 


FIGURE 6-34 
MisConceptual Questions 10 and 11. 


Answer MisConceptual Question 10 assuming a small 
amount of friction. 


A man pushes a block up an incline at a constanf speed. As 

the block moves up the Incline, 

(4) 1ts kinetic energy and potential energy both Increase. 

() 1ts kinetic energy Increases and its potential energy 
remains the same. 

(c) 1ts potential energy Increases and ifs kinetic energy 
remains the same. 

(đ) 1ts potential energy Increases and ïfs kinetic energy 
decreases by the same amount. 


'You push a heavy crate đø?n a ramp at a consftant velocIty. 
Only four forces act on the crate. Which force does the great- 
est magnitude of work on the crate? 

(a) The force of friction. 

() The force of pravIty. 

(c) The normal force. 

(đ) The force of you pushing. 

(c) The net force. 


A ball is thrown straight up. Neglecting alr resistance, which 

statement 1s of true regarding the energy of the ball? 

(a) The potential energy decreases while the ball is goïing 
up. 

(b) The kinetic energy decreases while the ball is goïng 
up. 

(c) The sum of the kinetic energy and potential energy 1s 
consftant. 

(đ) The potential energy decreases when the ball ïs 
coming down. 

(c) The kinetic energy Increases when the ball is coming 
down. 
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MisConceptual Ouestions 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Problems 


Œ) 


6-1 Worlk, Constant Force 


1. 
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(DA 75.0-kg firefighter climbs a flight of stairs 28.0 m high. 
How much work does he do? 


. ( The head of a hammer with a mass of 1.2 kg 1s allowed to 
fall onto a nail from a heipht of 0.50 m. What 1s the maxi- 
mum amount of work 1t could do on the nail? Why do people 
not just “let 1t fall” but add their own force to the hammer 
as 1t falls? 


(H) How much work did the movers do (hor1zontally) push- 
ing a 46.0-kg crate 10.3m across a rouph floor without 
acceleration, If the effective coefficlent of friction was 
0.502 

(I) A 1200-N crate rests on the floor. How much work Is 
required to move it at constant speed (z) 5.0m along 
the floor against a friction force of 230N, and (5) 5.0m 
vertically? 

. (H) What is the minimum work needed to push a 950-kg 
car 710 m up along a 9.0” incline? Ignore friction. 


b 


(I) Estimate the work you do to mow a lawn 10 m by 20 m 
with a 50-cm-wide mower. Assume you push with a force 
of about 15 Ñ. 


. (H) Ina certain library the first shelfis 15.0 em off the pround, 
and the remaining four shelves are each spaced 38.0 em 
above the previous one. If the average book has a mass Of 
1.40 kg with a height of 22.0 cm, and an average shelf holds 
28 books (standing vertically), how much work 1s required 
to filI all the shelves, assuming the books are all laying flat 
on the floor to start? 


(H) A lever such as that shown In Fig. 6-35 can be used to 
lit obJects we mipht not otherwise be able to lift. Show 
that the ratio of output force, Fo, to Input force, #1, 
1s related to the lengths f¡ and fo from the pivot by 
Fo/H = !/lo. Ignore friction and the mass of the lever, 
and assume the work output equals the work Input. 


b 


FIGURE 6-35 
A lever. Problem 8. 


(b) 


9. (II) A box of mass 4.0 kg 1s accelerated from rest by a force 
across a floor at a rate of 2.0 m/s” for 7.0 s. Find the net 
work done on the box. 
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10. 


11. 


12. 


T) A 380-kg piano slides 2.9 m down a 25° incline and 1s 
kept from accelerating by a man who Is pushing back on 
1t parallel to the inclne (Eig. 6-36). Determine: (a) the 
force exerted by the man, (5) the work done on the piano 
by the man, (c) the work done on the piano by the force of 
gravity, and (đ) the net work done on the piano. Ignore 
Íriction. 


FIGURE 6-36 
Problem 10. 


(T) Recall from Chapter 4, Example 4—14, that you can use 
a pulley and ropes to decrease the force needed to raise 
a heavy load (see Fig. 6-37). But for 
every meter the load 1s raised, how much 
rope must be pulled up? Account for 
this, using energøy concepts. 


FIGURE 6-37 
Problem 11. 


(HI) A grocery cart with mass of 16 kg ¡is being pushed at 
constant speed up a 12° ramp by a force #b which acts 
at an angle of 17° below the horizontal. Find the work done 
by each of the forces (mỹ, ẨY, Ep) on the cart 1Ÿ the ramp 
1s 7.5 m long. 


*6-2_ Work, Varying Force 


*13. 


F.(Ñ) 


(I) The force on a particle, acting along the x aXIS, Varles as 
shown in Fig.6—38. Determine the work done by this force 
to move the particle along the x axis: (2) from x = 0.0 to 
x = 10.0m; (5) from x = 0.0 to x = 15.0m. 


FIGURE 6-38 Problem 13. 


#14. (II) A 17,000-kg Jet takes off from an aircraft carrier via 
a catapult (Eig. 6-39a). The gases thrust out from the 
Jefs engines exert a constant force of 130 kNÑ on the Jet; 
the force exerted on the Jet by the catapult is plotted In 
Fig. 6-39b. Determine the work done on the jet: (4) by 
the gases expelled by 1ts engines during launch of the Jet; 
and (0) by the catapult during launch of the jet. 


0 x(m) 85 
(b) 


FIGURE 6-39 Problem 14. 


6-3 Kinetic Energy; Work-Energy Principle 

15. (I) At room temperature, an oxysgen molecule, with mass 
of 5.31 x 10””5 kg, typically has a kinetic energy of about 
6.21 < 10 ”!J. How fast is it moving? 

16. (1) (a) If the kinetic energy of a particle is tripled, by what 
factor has Its speed increased? (0) If the speed of a particle 
1s halved, by what factor does Ifs kinetic energy change? 

17. () How much work ¡is required to stop an electron 

(m = 9.11 x 10 '!kg) which is moving with a speed of 

1.10 x 105 m/s? 

18. (I How much work must be done to stop a 925-kg car 

traveling at 95 km/h? 

(I) Two bullets are fired at the same time with the same 

kinetic energy. If one bullet has twice the mass of the other, 

which has the greafer speed and by what factor? Which can 
do the most work? 

(H) A baseball (z = 145g) traveling 32m/s moves a 

fielder”s glove backward 25 cm when the ball is caught. What 

was the average force exerted by the ball on the glove? 
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20, 


21. (II) An 85-g arrow 1s fired from a bow whose string exerts 
an average force of 105N on the arrow over a distance of 
75 cm. What ¡s the speed of the arrow as 1t leaves the bow? 


22. (II) If the speed of a car ¡is increased by 50%, by what factor 
wIll is minimum braking distance be Increased, assuming 


all else is the same? Ignore the driver”s reaction time. 


23. (I) At an accident scene on a level road, Investigafors 
measure a car)s skid mark to be 78 m long. lí was a rainy 
day and the coefficient of friction was estimated to be 0.30. 
se these data to determine the speed of the car when the 
driver slammed on (and Iocked) the brakes. (Why does the 
car”s mass not matter?) 

24. (II) One car has twice the mass of a second car, but only 

half as much kinetic energy. When both cars Increase theIr 

speed by 8.0 m/s, they then have the same kinetic energy. 

What were the original speeds of the two cars? 

(HI) A 265-kg load is lifted 18.0 m vertically with an accel- 

eraton z = 0.160, by a single cable. Determine (2) the 

tension in the cable; (5) the net work done on the load; 

(c) the work done by the cable on the load; (đ) the work 

done by pravity on the load; (e) the final speed of the load 

assuming It started from rest. 
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6-4 and 6-5 Potential Energy 


26. 


21. 


28. 


29 


30. 


(D) By how much does the sravitational potential energy of 
a 54-kg pole vaulter change If her center 0Ÿ mass rises 
about 4.0 m during the Jump? 

(DA spring has a spring constant & of 88.0 N/m. How much 
must this spring be compressed to store 45.0 J of potential 
energy? 

(I) If ¡it requires 6.0J of work to stretch a particular 
spring by 2.0 em from 1ts equilibrium lenpth, how much more 
work wIÏll be required to stretch 1t an additional 4.0 cm? 
(I A 66.5-kg hiker starts at an elevation of 1270 m and 
climbs to the top ofa peak 2660 m hipgh. (2) What is the hiker s 
change in potential energy? (b) What is the minimum work 
required of the hiker? (c) Can the actual work done be 
øreater than this? Explain. 

(TH) A 1.60-m-tall person lifts a 1.65-kg book off the ground 
so 1t 1s 220m above the ground. What 1s the potential 
energy of the book relative to (2) the ground, and (0) the 
top of the person”s head? (c) How ¡s the work done by the 
person related to the answers ín parts (4) and (5)? 


6-6 and 6-7 Conservation of Mechanical Energy 


KÓ 


32. 


33. 


34 


35. 


36. 


37. 


38. 


(D A novice skier, starting from rest, slides down an icy Íric- 
tionless 8.0” Incline whose vertical heipht is 105m. How 
fast 1s she going when she reaches the bottom? 

( Jane, looking for Tarzan, ¡is running at top speed 
(5.0 m/s) and grabs a vine hanging vertically from a tall 
tree In the Jungle. How high can she swing upward? Does 
the length of the vine affect your answer? 

(H) A sled is mmitially given a shove up a frictionless 23.0° 
Incline. It reaches a maximum vertical heipht 1.22 m hipher 
than where it started at the bottom. What was 1fs Imitial speed? 
(H) In the ph jưưnp, the kinetic energy of an athlete 1s 
transformed Info gravitational potential energy without the 
aid of a pole. With what minimum speed must the athlete 
leave the ground in order to lift his center of mass 2.10 m 
and cross the bar with a speed of 0.50 m/s? 

(I A spring with k = 83N/m hangs vertically next to a 
ruler. The end of the spring 1s next to the 15-em mark on 
the ruler. If a 2.5-kg mass 1s now attached to the end of the 
spring, and the mass is allowed to fall, where will the end 
of the spring line up with the ruler marks when the mass 1s 
at 1ts lowest position? 

qTI) A 0.48-kg ball is thrown with a speed of 8.8 m/s at an 
upward angle of 36°. (z) What is its speed at its highest poïnt, 
and (5) how high does It go? (se conservation of energy.) 
TA 1200-kg car moving on a horizontal surface has speed 
 = 85 km/h when it strikes a horizontal coiled spring and 
1s broupht to rest In a distance of 2.2 m. What 1s the spring 
stiffness constant of the spring? 

(I) A 62-kg trampoline artist jumps 
upward from the top of a platform 
with a vertical speed of 4.5m/. 
(a) How fast is he goïing as he lands on 
the trampoline, 2.0 m below (Fig.6—40)? 
(b) If the trampoline behaves 
like a spring of spring con- 
stant 5.8 x 10N/m, how 
far down does he depress 1t? 


FIGURE 6-40 
Problem 38. 


Problems T6B 


4 


39. (II) A vertical spring (ignore its mass), whose spring con- 
stant is 875 N/m, is attached to a table and is compressed 
down by 0.160 m. (2) What upward speed can ït give to a 
0.3§0-kø ball when released? (5) How high above is original 
position (spring compressed) will the ball fly? 

40. (II) A roller-coaster car shown in Fig. 6-41 ¡is pulled up to 
poimmt 1 where It 1s released from rest. Assuming no friction, 
calculate the speed at points 2, 3, and 4. 


c S1 I4) 4x4 8n be 
FIGURE 6-41 Problems 40 and 50. 


(IH) Chris jumps off a bridge with a bungee cord (a heavy 
stretchable cord) tied around his ankle, Fig. 6-42. He falls 
for 15 m before the bungee cord begins to stretch. Chris's 
mass 1s 75 kg and we assume the cord obeys Hooke” law, 
F = —ky, with k = 55N/m. Ifwe neglect air resistance, 
estimate what distance đ below the bridge Chris”s foot will 
be before coming to a stop. Ignore the mass of the cord 
(not realistic, however) and treat Chris as a particle. 


` 


FIGURE 6-42 

Problem 41. (a) Bungee 
jumper about to Jump. 
(b) Bungee cord at its 
unstretched length. 

(c) Maximum sfretch 
of cord. 


42. (II) What should be the spring constant & of a spring 
designed to bring a 1200-kg car to rest from a speed of 
95 km/h so that the occupants undergo a maximum accel- 
eration of 4.0 øg? 

43. (HI) An engineer ¡is designing a spring to be placed at the 
bottom of an elevator shaft. If the elevator cable breaks 
when the elevator 1s at a height  above the top of the 
spring, calculate the value that the spring constant & should 
have so that passengers undergo an acceleration of no more 
than 5.0 g when brought to rest. Let Ä⁄ be the total mass 
Of the elevator and passengers. 

44. (HI) A block of mass 7 is attached to the end of a spring 
(spring stiffness constant k), Eig. 6-43. The mass is given 
an Initial displacement xọ from equilibrium, and an Initial 
speed œụ. Ignoring friction and the mass of the spring, use 
energy methods to find (2) its maximum speed, and (0) 1ts 
maximum sfretch from equilibrium, In terms of the gIven 
quanftities. 


FIGURE 6-43 
Problem 44. 
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45. (HI) A cyclist intends to cycle up a 7.50° hill whose vertical 
heipht 1s 125 m. The pedals turn In a circle of diameter 
36.0cm. Assuming the mass of bicycle plus person 1s 
75.0 kg, (z) calculate how much work must be done against 
gravity. (b) If each complete revolution of the pedals 
moves the bike 5.10 m along 1ts path, calculate the average 
force that must be exerted on the pedals tangent to their 
circular path. Neglect work done by friction and other 
losses. 


6-8 and 6-9 Law of Conservation of Energy 

4ó. (1) Two railroad cars, each of mass 66,000 kg, are traveling 
85 km/h toward each other. They collide head-on and come 
to rest. How much thermal energy is produced in this 
collision? 

(DA 16.0-kg child descends a slide 2.20 m high and, starting 
from rest, reaches the bottom with a speed of 1.25 m/s. 
How much thermal energy due to friction was generated In 
this process? 
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48. (II) A ski starts from rest and slides down a 28° incline 85 m 
long. (z) If the coefficient of friction is 0.090, what 1s the 
skfs speed at the base of the incline? (5) If the snow 1s 
level at the foot of the incline and has the same coefficient 
of friction, how far wIll the ski travel along the level? se 
energy methods. 


(H) A 145-g baseball is dropped from a tree 12.0 m above 
the ground. (z) With what speed would ït hit the ground 
1Ÿ air resistance could be ignored? (ð) If it actually hits the 
ground with a speed of 8.00 m/s, what is the averape force 
Of air resistance exerted on 1t? 
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50. (I1) Suppose the roller-coaster car in Eig.6—41 passes point 1 
with a speed of 1.30 m/s. If the average force of friction is 
equal to 0.23 of its weight, with what speed will it reach 


point 2? The distance traveled 1s 45.0 m. 


51. (ID A skier traveling 11.0 m/s reaches the foot of a steady 
upward 19” incline and glides 15m up along this slope 
before coming to rest. What was the average coefficient of 
friction? 


52. (II) You drop a ball from a height of 2.0 m, and it bounces 
back to a height of 1.6m. (4) What fraction of its Initial 
energy 1s lost during the bounce? (b) What ïs the ball's speed 
Jjust before and Just after the bounce? (c) Where did the 
energy øo? 


(I) A 66-kg skier starts from rest at the top of a 1200-m- 
long trail which drops a total of 230 m from top to bottom. 
At the bottom, the skier is moving 11.0m/s. How much 
energy was dissipated by friction? 


S 


54. (II A projectile is fired at an upward angle of 38.0° from 
the top of a 135-m-high cliff with a speed of 165 m/s. What 
will be Its speed when it strikes the ground below? (se 
COnservation of energy.) 


(II) The Lunar Module could make a safe landing 1ƒ its 
vertical velocity at impact is 3.0 m/s or less. Suppose that 
you want to determine the greatest height h at which the 
pIlot could shut off the engine 1f the velocity of the lander 
relative to the surface at that moment is (2) zero; (b) 2.0 m/s 
downward; (c) 2.0 m/s upward. Use conservation oŸ energy 
to determine ở in each case. The acceleration due fo øravity 
at the surface of the Moon is 1.62 m/3$”. 


bà 


S6. 


MT) Early test flights for the space shuttle used a “glider” 
(mass of 980 kg including pilot). After a horizontal launch 
at 480 km/h at a height of 3500 m, the glider eventually 
landed at a speed of 210 km/ñh. (2) What would its landing 
speed have been in the absence of aïr resistance? (b) What 
was the average force of air resistance exerted on 1t I 1 
came In at a consfant glide angle of 12” to the Earths surface? 


6-10 Power 


Y8 


58. 


3S 


60. 


61. 


62 


63 


(D How long will ít take a 2750-W motor to lIft a 385-kg 
plano to a sixth-story window 16.0 m above? 

(D (ø) Show that one British horsepower (550 ft-Ib/s) is 
equal to 746 W. (b) What ¡is the horsepower rating of a 
75-W lipghtbulb? 

(D An 85-kg football player traveling 5.0 m/s is stopped 
1n 1.0 s by a tackler. (z) What is the original kinetic energy 
of the player? (b) What average power Is required to stop 
him? 

(H) If a car generates 18 hp when traveling at a steady 
95 km/h, what must be the average force exerted on the 
car due to Íriction and air resistance? 

(ID) An outboard motor for a boat is rated at 35 hp. If it 
can move a particular boat at a steady speed of 35 km/h, 
what 1s the total force resisting the motion of the boat? 
(H) A shot-putter accelerates a 7.3-kg shot from rest to 
14 m/s in 1.5 s. What average power was developed? 

(H) A driver notices that her 1080-kgø car, when in neutral, 
slows down from 95 km/h to 65 km/h ïn about 7.0 s on a flat 
horizontal road. Approximately what power (watts and hp) 
1s needed to keep the car traveling at a constant 80 km/h? 


64. 
65. 


66. 


617. 


68. 


69. 


70. 


71. 


(II) How much work can a 2.0-hp motor do in 1.0 h? 


(HA 975-kg sports car accelerates from rest to 95 km/hin 
6.4s. What 1s the average power delivered by the engine? 


(II) During a workout, football players ran up the stadium 
stairs In 75 s. The distance along the sfairs is 83 m and they 
are inclined ata 33” angle. If a player has a mass of 82 kg, 
estmate his average power output on the way up. lgnore 
friction and alr resistance. 


(I) A pump lifts 27.0 kg of water per minute throuegh a 
height of 3.50 m. What minimum oufput rafting (watts) must 
the pump motor have? 


(HH) A ski area claims that 1s lifts can move 47,000 people 
per hour. If the average lIft carries people about 200 m (ver- 
tically) higher, estimate the maximum total power needed. 


(H) A 65-kg skier grips a moving rope that is powered by 
an engine and ¡s pulled at constant speed to the top of a 23° 
hl. The skler is pulled a distance x = 320m along the 
Iincline and 1t takes 2.0 min to reach the top of the hil. If 
the coefficient of kinetic friction between the snow and skis 
1S „ = 0.10, what horsepower engine is required ¡1ƒ 30 such 
skiers (max) are on the rope at one time? 


(IH) What minimum horsepower must a motor have to be 
able to drag a 370-kg box along a level floor at a speed of 
1.20 m/s if the coefficient of friction is 0.45? 


(HI A bicyclist coasts down a 6.0° hill at a steady speed 
of 4.0m/s. Assuming a total mass of 75 kg (bicycle plus 
rider), what must be the cyclist's power output to climb the 
same hill at the same speed? 


[ General Problems 


72. 


FIGURE 6-44 
Problem 72. 


73. 


74. 


Spiderman uses his spider webs fo save a runaway train 
moving about 60 km/h, Fig. 6-44. His web stretches a few 
city bloeks (500 m) before the 10'-kg train comes to a stop. 
Assuming the web acts like a spring, estimate the effective 
Spring consfant. 


A 36.0-kg crate, starting from rest, is pulled across a floor 
with a constant horizontal force of 225N. For the first 
11.0 m the floor 1s frictionless, and for the next 10.0 m the 
coefficlent of friction 1s 0.20. What 1s the final speed of 
the crate after being pulled these 21.0 m? 

How hiph wIll a 1.85-kg rock go from the point of release 1Ÿ 
thrown straight up by someone who does 80.0 J of work on 
12 Neglect aIr resistance. 


K6 


76. 


T1. 


A mass 7# 1s attached to a spring which is held stretched a 
distance x by a force #, Fig. 6-45, and then released. 
The spring pulls the mass to the left, towards its natural 
equilibrium length. Assuming there is no friction, determine 
the speed of the mass z when the spring returns: (2) tO Its 
normal length (x = 0); () to haÏlf its original extension 


(x/2). 


FIGURE 6-45 Problem 75. 


An elevator cable breaks when a 925-kg elevator 1s 28.5 m 
above the top ofa huge spring (k = 8.00 x 10!N/m) atthe 
bottom of the shaft. Calculate (z) the work done by gravity 
on the elevator before it hits the spring; (b) the speed of the 
elevator just before striking the spring; (c) the amount the 
spring compresses (note that here work is done by both 
the spring and gravity). 


(2) A 3.0-g locust reaches a speed of 3.0m/s during its 
jump. What ïs its kinetic energy at this speed? () If the 
locust transforms energy with 35% efficiency, how much 
energy Is required for the Jump? 
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General Problems 


78. In a common test for cardiac function (the “stress test”), 


79, 


80. 


8 


82. 


83 


84 


. 


the patient walks on an ¡inclined treadmill (Eig. 6-46). 
Estimate the power required from a 75-kg patient when 
the treadmill 1s sloping at an angle of 12° and the velocity 
is 3.1 km/h. (How does this power compare to the power 
rating of a lightbulb?) 


* 
\ị Ế 


FIGURE 6-46 Problem 78. 


An arrplane pilot fell 370 m after jumping from an aIrcraft 
without his parachute opening. He landed In a snowbank, 
creating a crater 1.1 m deep, but survived with only minor 
1nJuries. Assuming the pilot's mass was 88 kg and his speed 
at impact was 45 m/s, estimate: (2) the work done by the 
snow in bringing him to rest; (b) the average force exerted 
on him by the snow to stop him; and (c) the work done on 
him by aïr resistance as he fell. Model him as a particle. 
Many cars have “5 mi/h(§ km/h) bumpers” that are designed 
to compress and rebound elastically without any physical 
damage at speeds below 8km/h. If the material of the 
bumpers permanently deforms after a compression of 
1.5 cm, but remains like an elastic spring up to that poïnt, 
what must be the effective spring constant of the bumper 
material, assuming the car has a mass of 1050 kg and 1s 
tested by ramming into a solid wall?2 

In climbing up a rope, a 62-kg athlete climbs a vertical dis- 
tance of 5.0 m In 9.0 s. What minimum power output was 
used to accomplish this feat? 

If a 1300-kg car can accelerate from 35 km/h to 65 km/hin 
3.8 s, how long will it take to accelerate from 55 km/h to 
95 km/h? Assume the power stays the same, and neglect 
Írictional losses. 

A cyclist starts from rest and coasts down a 4.0 hill. The 
mass of the cyclist plus bicycle 1s 8Š kg. After the cyclist 
has traveled 180m, (2) what was the net work done by 
gravity on the cyclist? (5) How fast is the cyclist going? 
lgnore aïr resistance and friction. 

A film of Jesse Owens”s famous long jump (Eig. 6-47) in 
the 1936 Olympics shows that his center of mass rose 1.1 m 
from launch poïnt to the top of 
the arc. What minimum speed 
did he need at launch 1f he was 
traveling at 6.5 m/s at the top 
Of the arc? 


FIGURE6-47 X4“ 
Problem 84. Nhàn 
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85. 


86. 


87. 


88 


89. 


90. 


Water flows over a dam at the rate of 680 kg/s and falls 
vertically S8 m before striking the turbine blades. Calculate 
(a) the speed of the water just before striking the turbine 
blades (neglect air resistance), and (b) the rate at which 
mechanical energy 1s transferred to the turbine blades, 
assuming 55% efficiency. 

A 55-kg skler starts from rest at the top of a ski jump, 
point A 1n Fig. 6-48, and travels down the ramp. If fric- 
tion and aïr resistance can be neglected, (z) determine her 
speed œp when she reaches the horizontal end of the ramp 
at B. (b) Determine the distance s to where she strikes the 
ground at C. 


FIGURE 6-48 
Problem 86. 


Electric energy unifs are often expressed In “kilowatt-hours.” 
(2) Show that one kilowatt-hour (KWh) is equal to 3.6 < 105J. 
(b) If a typical family of four uses electric energy at 
an average rate of 580W, how many kWh would therr 
electric bill show for one month, and (c) how many joules 
would this be? (đ) At a cost of $0.12 per kWh, what would 
ther monthly bill be in dollars2 Does the monthly bïll 
depend on the rz/e at which they use the electric energy? 
TỶ you stand on a bathroom scale, the spring Inside the 
scale compresses 0.60 mm, and ït tells you your weipht 1s 
760N. Now I1 you Jump on the scale from a height of 
1.0m, what does the scale read at 1s peak? 

A 65-kg hiker climbs to the top of a mountain 4200 m hiph. 
The climb 1s made In 4.6h starting at an elevation of 
2800 m. Calculate (a) the work done by the hiker against 
gravity, (b) the average power ouftput In watís and In 
horsepower, and (c) assuming the body is 15% efficient, 
what rate of enerøy Input was required. 

A ball is attached to a hor1zontal cord of length £ whose 
other end ¡is fixed, Eig. 6-49. (ø) If the ball is released, 
what will be 1ts speed at the lowest point ofits path? (5) A peg 
1s locafed a distance h ƒ 
directly below the point of 
attachment of the cord. If 
h = 0.80/, what will be the 
speed of the ball when it \ h 


reaches the top oŸ1ts circular ` .. 
Š \ 
` 
` Peg | 


path about the peg? 
FIGURE6-49 `. / 
Problem 90. 


'kẻ 

NI — ˆˆ 
An 1§-kg sled starts up a 2§° incline with a speed of 
2.3m/s. The coefficient of kinetic friction ¡is y = 0.25. 
(a) How far up the incline does the sled travel? (5) What 
condition must you put on the coefficient of static friction 
1ƒ the sled 1s not to get stuck at the point determined In 
part (2)? (c) IÝ the sled slides back down, what 1s its speed 
when It returns to 1s starting point? 


92. 


A 56-kg student runs at 6.0 m/s, prabs a hanging 10.0-m-long 
rope, and swings out over a lake (Fig. 6-50). He releases 
the rope when his velocity 1s zero. (z) What is the angle Ø 
when he releases the 
rope? (b) What is the 
tension In the rope Jusf 
before he releases 1t? 
(c) What is the maxi- 
mum tension In the 
rope during the swing? 


FIGURE 6-50 
Problem 92. 


Search and Learn 


1. 


W© studied forces earlier and used them to solve Problems. 
Now we are using enerøy to solve Problems, even some that 
could be solved with forces. (z) Give at least three advan- 
tages Of using enersy to solve a Problem. (b) When must 
you use enersy to solve a Problem? (c) When must you use 
forces to solve a Problem? (đ) What information ¡s not 
available when solving Problems with energy? Look at the 
Examples in Chapters 6 and 4. 


The brakes on a truck can overheat and catch on fire 1ƒ the 
truck øoes down a long steep hill without shifting info a lower 
gear. (z) Explain why this happens In terms of energy and 
power. (b) Would ït matter if the same elevation change was 
made going down a steep hill or a gradual hill? Explain 
your reasoning. [Hn: Read Sections 6—4, 6—9, and 6—10 
carefully.| (c) Why does shifting into a lower gear help? 
[Himi: Use your own experlence, downshifting in a car.] 
(4) Calculate the thermal energy dissipated from the brakes 
1n an 8000-kg truck that descends a 12” hil. The truck 
begins braking when its speed is 95 km/h and slows to a 
speed of 35 km/h in a distance of 0.36 km measured along 
the road. 

(z) Only two conservative forces are discussed in this Chap- 
ter. What are they, and how are they accounted for when you 
are dealine with conservation of enersøy? (b) Not mentioned 
1s the Íorce of water on a swimmer. Is I( cOnservafIvVe or 
nonconservative? 


Give at least two examples of friction doïng positive work. 
Reread parts of Chapters 4 and 6. 


ANSWERS TO EXERCISES 


A: 
B: 


C: 


(c). 

(a) Less, because (20)? = 400 < (30)? — (20}“ = 500; 
(b) 2.0 x 101. 

No, because the speed » would be the square root of a 
negative number, which is not real. 
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^ 


. Some electric pOWer companies use wafer tfO stOre energy. 


'Water is pumped from a low reservoir to a hiph reservOIr. 
To store the energy produced 1n 1.0 hour by a 180-MW 
electric power plant, how many cubic meters of wafter wIll 
have to be pumped from the lower to the upper reservoIr? 
Assume the upper reservoïr Is an average of 380 m above 
the lower one. Water has a mass of 1.00 < 10 kg for every 
1.0 mỶ. 


A softball having a mass of 0.25 kg 1s pitched horizontally 
at 120 km/h. By the time it reaches the plate, it may have 
slowed by 10%. Neglecting gravify, estimate the average 
force Of air resistance during a pitch. The distance between 
the plate and the pitcher is about 15 m. 


Show that on a roller coaster with a circular vertical loop 
(Fig. 6—51), the difference In your apparent weight at the top 
of the loop and the bottom of the loop 1s 6.0 times your 
weipht. Ignore friction. Show also that as long as your speed 
1s above the minimum needed (so the car holds the track), this 
answer doesn't depend on the size of the loop or how fast you 
go throueh it. [Reread Sections 6—6, 5—2, and 4~6.] 


FIGURE 6-51 
Search and Learn 5 
and 6. 


6. Suppose that the track in Fig. 6—51 is not frictionless and 


D: 
E: 


F: 


the values of and ® are given. (See Sections 6-9 and 6-1.) 
(a) If you measure the velocity of the roller coaster at the 
top of the hill (of height 2ø) and at the top of the circle (of 
height 2Ñ), can you determine the work done by friction 
during the time the roller coaster moves between those two 
points? Why or why not? (5) Can you determine the aver- 
aøe force of friction between those two points? Why or why 
not? TỶ not, what additional information do you need? 


(a) V2: (b)4. 
Yes. It is nonconservative, because for a conservaftIve 
force W = 0 inaround trIp. 


(2), (2); (e), (c)- 
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Conservation of linear momentum 1s another øreat conservation law of physics. 
Collisions, such as between billiard or pool balls, 1lustrate this law very nicely: the 
total vector momentum just before the collision equals the total vector momentum 
Just after the collision. In this photo, the moving cue ball makes a glancing collision with 
the 11 ball which 1s mitially at rest. After the collision, both balls move at anples, but the 


sum of their vector momenta equals the initial vector momentum of the Incoming cue ball. - 
Wc wil Consider both elastic collisions (where kinetic enersy is also conserved) ZP.. À 

and inelastic collisions. We also examine the concept of center of mass, and how It 

helps us in the study of complex motion. ), “ế 
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Linear Momentum 


CHAPTER-OPENING QUESTIONS—Guess now! 


1. A railroad car loaded with rocks coasts on a level track without friction. 
A worker at the back of the car starts throwing the rocks horizontally backward 
from the car. Then what happens? 

(a) The car slows down. 

(b) The car speeds up. 

(e)  First the car speeds up and then 1t slows down. 

(đ) The car”s speed remaIns constant. 

(e) None of these. 
2. Which answer would you choose 1f the rocks fall out through a hole in the floor 
Of the car, one at a time? 


1S One Of several øreaf conservation laws In physics. Among the other quan- 


##din.W2nd fEaoilaEsndllinettin §ñ he law of conservation of energy, which we discussed in the previous Chapter, 
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tiũes found to be conserved are linear momentum, angular momentum, and 
electric charge. We will eventually discuss all of these because the conservation laws 
are among the most Important Ideas in science. In this Chapter we discuss linear 
momentum and 1s conservation. The law of conservation oŸ momenfum 1s essen- 
tially a reworking of Newton”s laws that gives us tremendous physical Insight and 
problem-solving pOwer. 

The law of conservation of momentum 1s particularly useful when dealing with 
a system of two or more obJects that interact with each other, such as in collisions 
Of ordinary obJects or nuclear particles. 

Our focus up to now has been mainly on the motion of a single object, often 
thought of as a “particle” n the sense that we have Ignored any rofation or internal 
motion. In this Chapter we will deal with systems oŸtwo or more obJects, and——toward 
the end of the Chapter—the concept of center of mass. 


Z~—] Momentum and Its Relation to Force 


The linear momenfum (or “momentum” for short) of an object is defined as the 
product of its mass and its velocity. Momentum (plural 1s oznenfa—from Latin) is 
represented by the symbol ÿ. If we let z represent the mass of an obJect and 
Ý represent 1s velocity, then 1ts momentum ÿ 1s defined as 


B = ms. (7U 


VelocIfy 1s a vector, so momentum too 1s a vector. The direction of the momentum 
1s the direction of the velocity, and the magnitude of the momentum 1s p = 70. 
Because velocity depends on the reference frame, so does momentum; thus the ref- 
erence frame must be specified. The unit of momentum 1s that of mass < velocIty, 
which in SI units is kg :m/s. There is no special name for this unit. 

Everyday usage of the term zø?enfum 1s 1n accord with the definition above. 
According to Eq. 7-1, a fast-moving car has more momentum than a slow-moving 
car of the same mass; a heavy truck has more momentum than a small car moving 
with the same speed. The more momentum an obJect has, the harder 1t 1s to stop 
1t, and the greater effect 1t wIll have on another obJect 1Ÿ 1t 1s brought to rest by 
striking that obJect. A football player 1s more likely to be stunned 1f tackled by a 
heavy opponent running at top speed than by a hghter or slower-moving tackler. 
A heayvy, fast-moving truck can do more damage than a slow-moving motorcycle. 


EXERCISE A Can a small sports car ever have the same momentum as a large spOrt- 
utility vehicle with three times the sports car”s mass? Explain. 


A force 1s required to change the momentum of an object, whether to 
1ncrease the momentum, to decrease 1t, or to change 1fs direction. Newfton orIg1- 
nally stated his second law ¡in terms of momentum (althouph he called the product 
mo the “quantity of motion”). Newton”s statement of the second law of mofion, 
translated into modern languaøge, 1s as follows: 


The rafe of change of momenfum of an object is equal to the net force 
applied to ït. 


We can wrife this as an equafion, 


= — AB 
SẾ = — 
Af 


(7-2) 


where >E is the net force applied to the object (the vector sum of all forces acting 
on 1£) and AB 1s the resultng momentum change that occurs during the time 
interval Af. 

We can readily derive the familiar form of the second law, SẾ = mã, from 
Eq. 7-2 for the case of constant mass. IÝ Ÿ¡ 1s the imtial velocity of an obJect and 
¿ 1s I{s velocity after a time Iinterval A/ has elapsed, then 

sẽ c ẤP _ mT mhị _ mẶW —Ÿj) — AS 
Af Af Af “Ai 


By definition, ä = Aý/Af, so 


SE = mã. [constant mass] 


Equation 7-2 1s a more general statement of Newton”s second law than the more 
familiar version (SE = zä) because it includes the situation in which the mass 
may change. A change In mass OCCurs 1n certain circumstances, such as for rockets 
which lose mass as they expel burnt fuel. 


?Normally we think of A7 as being a small time interval. If it is not small, then Eq. 7-2 is valid if SE 
1S constant during that time Interval, or 1ƒ SE 1s the average net force during that time Interval. 


NEWTON'S SECOND LAW | 


NEWTON'S SECOND LAW | 


$cAurion 
The change in the moIneHtMHm 0ecfor 
is in the direcHon oƒ the net ƒorce 
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EXAMPLE 7-1 | ESTIMATE | Force of a tennis serve. For a top player, a ten- 
nis ball may leave the racket on the serve with a speed of 55 m/s (about 


120 mi/h), Fig. 7—1. If the ball has a mass of 0.060 kg and ¡s in contact with the 
racket for about 4 ms (4 x 10 3s), estimate the average force on the ball. Would 
this force be large enoueh to lift a 60-kg person? 


APPROACH We write Newton”s second law, Eq. 7—2, for the average force as 


„ Ap HHU; — H9 
lu At At 
where 70; and 7; are the Imitial and final momenta. The tennis ball 1s hit when 
1s Initial velocIfy 0¡ 1s very nearly zero at the top of the throw, so We set ị = 0, 
and we assume ; = 55 m/s ¡is in the horizontal direction. We ignore all other 
forces on the ball during this brief time 1nterval, such as øravifty, In comparison 
to the force exerted by the tennis racket. 


SOLUTION The force exerted on the ball by the racket 1s 


_ Ap Uy — HUI (0.060 kg)(55 m/s) — 0 
"an, Af s 0.004 s 
Thịs 1s a large force, larger than the weight of a 60-kg person, which would 


require a force z = (60 kg)(9.8m/s?) ~ 600N to lift. 


NOTE The force of gravity acting on the tennis ballis zz = (0.060 kg)(9.8 m/s”) = 
0.59N, which Justifies our ipgnoring 1t compared to the enormous force the 
racket exerts. 


j À2 | . . 
` Ũ Ắ 


‹ 
‹› 
° 
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FIGURE 7-1 Example 7-1. 


NOTE High-speed photography and radar can give us an estimate of the confact 
time and the velocity of the ball leaving the racket. But a direct measure- 
ment of the force 1s not practical. Our calculation shows a handy technique for 
determining an unknown force 1n the real world. 


Washing a car: momentum change and force. Water 
leaves a hose at a rate of 1.5 kg/s with a speed of 20 m/s and is aimed at the side 
of a car, which stops It, Fig. 7—2. (That is, we ignore any splashing back.) What 
1s the force exerted by the water on the car? 


FIGURE 7-2 Example 7-2. 


APPROACH The water leaving the hose has mass and velocity, so it has a 
momentum /¡n¡¿a¡ in the horizontal (x) direction, and we assume øravity doesn't 
pull the water down significantly. When the water hits the car, the water loses 
this momentum (Phnai = 0). We use Newton”s second law in the momentum 
form, Eq. 7-2, to find the force that the car exerts on the water tO stop 1t. 
By Newton'”s third law, the force exerted by the water on the car is equal and 
opposite. We have a continuing process: 1.5 kg of water leaves the hose 1n 
cach 1.0-s time interval. So let us wrie # = Ap/Af where Af = 1.0s, and 
mm?inuai = (1.5 kg)(20 m/s) = 30 kg-m/s. 

SOLUTION The force (assumed constant) that the car must exert to change 
the momentum of the water 1s 


Ap — mai — Pha — 0 — 30kg-m/s — 
Af Af 1.0s 


F= —30N. 

The minus sign Indicates that the force exerted by the car on the wafer 1s ODpO- 
site to the water”s original velocity. The car exerfs a force of 30 N to the left to 
stop the water, so by Newton's third law, the water exerts a force of 30N to the 
ripht on the car. 


NOTE Keep track of signs, althouph common sense helps too. The water 1s 
moving to the ripht, so common sense fells us the force on the car must be to 
the right. 


EXERCISE B If the water splashes back from the car in Example 7—2, would the force 
on the car be larger or smaller? 
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Z-2 Conservation of Momentum 


The concept of momentum 1s particularly Important because, 1Ÿ no net external 
force acfs on a system, the total momentum of the system 1s a conserved quantIty. 
Thịs was expressed 1n Eq. 7—2 for a simple object, but it holds also for a system as 
we shall see. 

Consider the head-on collision of two biliard balls, as shown In Fig. 7-3. 
We assume the net external force on this system of two balls 1s zero——that 1s, 
the only sipniicant forces during the collision are the forces that each ball 
exerts on the other. Although the momentum of each of the two balls changes 
as a result of the collision, the sư of their momentfta 1s found to be the same 
before as after the collision. If z.WA 1s the momentum of ball A and 7» Ýp 
the momentum of ball B, both measured just before the collision, then the 
total momentum of the two balls before the collision 1s the vector sum 
/H"AVẠA + m1pŸp. Immedliately after the collision, the balls each have a different 
velocity and momentum, which we desipnate by a “prime” on the velocIty: 
mAŸ¬ and mp;Ÿp;. The total momentum after the collision 1s the vector sum 
/HAVA + mpVp. No matter what the velocifies and masses are, experimenfs 
show that the total momentum before the collision is the same as afterward, 
whether the collision 1s head-on or not, as long as no net external force acfs: 


momentum before =  momentum after 


mẠÝA + mạÝp = mẠỶA + mạụÝg. [SF.u = 0| Œ-3) 
That 1s, the total vector momentum of the system of two colliding balls 1s conserved: 
1t stays constant. (We saw this result in this Chapter 's opening photograph.) 

Althoupgh the law of conservation of momentum was discovered experimen- 
tally, 1t can be derived from Newton”s laws of motion, which we now show. 

Let us consider two obJects oŸ mass 7x and zứm; that have momenta 
ỮA (= m AŸA) and jp (= mpŸp) before they collide and jA and ÿp after they 
collide, as im Eig. 7-4. During the collision, suppose that the force exerted by 
object A on object B at any instant is Ể. Then, by Newton's third law, the force 
exerted by object B on objeet A is —Ể. During the brief collision time, we assume 
no other (external) forces are acting (or that Ê is much greater than any other 
external forces acting). Over a very short time interval Af we have 


E= ABs —— Ũb — p 
Af Af 
and 
-Ê = ABA Kr DA — PA. 
Af Af 
We add these two equations together and find 
ọ - ÂBn † AñA _ (B5 ~ Bs) † (BA - Ba), 
Af Af 
This means 
Pb — Dp T PA — PA = 0, 
OT 


DA † Pb = PA † Pa. 
Thịs 1s Eq. 7—3. The total momentum 1s conserved. 

We have put this derivation 1n the context of a collision. As long as no exfer- 
nal forces act, 1t 1s valid over any time Interval, and conservation of momenftum 1s 
always valid as long as no external forces act on the chosen system. In the real world, 
external forces do act: friction on billiard balls, gravity acting on a tenms ball, and so 
on. So we often want our “observation time” (before and after) to be small. 
'When a racket hifs a tennis baÏl or a bat hits a baseball, both before and after the 
*collision” the ball moves as a proJectile under the action Of øravity and a1r resistance. 


FIGURE 7-3 Momentum is 
conserved ïn a collision of two balls, 
labeled A and B. 


CONSERVATION OFMOMENTUM 
(wo objects colliding) 


FIGURE 7-4 Collision of two 
objects. Their momenta before 
collision are BA and jpg, and after 
collision are jA and jb. At any 
moment during the collision each 
exerts a force on the other of equal 
magnitude but opposite direction. 


Before PA —— = 
collision ——' 


At 
collision 


After / 
collision 
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LAW OFCONSERVATION 
OFTMOMLNTUM 


However, when the bat or racket hits the ball, during the brief time of the colli- 
sion those external forces are Insignificant compared to the collision force the bat 
or racket exerts on the ball. Momentum ïs conserved (or very nearly so) as long 
as we measure Ba and ÿjg Just before the collision and g2 and ÿBạ Iimmediately 
after the collision (Eq. 7-3). We can not waït for external forces to produce theIr 
effect before measuring ÿj^ and ÿặ. 

The above đerivation can be extended to include any number oÝ Interacting 
objects. To show this, we let pin Eq.7-2 (SE = AB/Ar) represent the total momen- 
tum oŸa system——that 1s, the vector sum of the momenta of all objecfs in the system. 
(For our two-object system above, ÿ = /.Ýạ_ + 7g.) lÝ the net force >E on the 
system is zero [as it was above for our two-object system, F + (—F) = 0], then 
from Eq. 7-2, AB = XE A/ = 0, so the total momentum doesn't change. The 
general statement of the law of conservafion of momentum 1s 


The tofal momentum of an isolafed system of objecfs remains consfant. 


By a system, we simply mean a set of obJects that we choose, and which may 
Iinteract with each other. An isolafed sysfem 1s one in which the only (significant) 
forces are those between the obJects in the system. The sum of all these “internal” 
forces within the system wIll be zero because of Newton”s third law. IỶ there are 
external ƒforces——by which we mean forces exerted by obJects ou/side the system—— 
and they don't add up to zero, then the total momentum of the system won't be 
conserved. However, 1f the system can be redefined so as to include the other 
obJects exerting these forces, then the conservafion of momentum principle can 
apply. For example, 1ƒ we take as our system a falling rock, 1t does not conserve 
momentum because an external force, the force of gravity exerted by the Earth, 
accelerates the rock and changes 1ts maomentum. However, Ifwe include the Earthin 
the system, the totfal momentum of rock plus Earth 1s conserved. (This means that 
the Earth comes up to meet the rock. But the Earth's mass 1s sO øreat, 1fs upward 
velocity 1s very tiny.) 

Although the law of conservatlon of momentum follows from Newton”s 
second law, as we have seen, 1f 1s in fact more general than Newton'”s laws. In the 
tiny world of the atom, Newton”s laws fail, but the great conservatilon laws—— 
those of energy, momentum, angular momentum, and electric charge—have been 
found to hold in every experimental situation tested. It is for this reason that 
the conservation laws are considered more basic than NÑewton'”s laws. 


Railroad cars collide: momentum conserved. A 10,000-kg 
railroad car, A, traveling at a speed of 24.0 m/s strikes an identical car, B, at 
rest. If the cars lock together as a result of the collision, what 1s their common 
specd Just afterward? See Hig. 7—5. 


APPROACH We choose our system to be the two railroad cars. We consider a very 
brief time 1nterval, from Just before the collision until Just after, so that external 
forces such as friction can be ignored. Then we apply conservation of momenftum. 


ĐA = 24.0 m/s Đp=0 
(at resf) 


FIGURE 7-5 Example 7-3. 


(b) After collision 


174_ CHAPTERZ7 Linear Momentum 


SOLUTION The initial total momentum 1s 


Đinual  THA ĐA + pUg — HẠ ĐA 
because car B is at rest initially (øs = 0). The direction is to the right in the 
+x direction. After the collision, the two cars become attached, so they wIll have 
the same speed, call 1t ø“. Then the total momentum after the collision 1s 


Pinai = (m + mp)0'. 

We have assumed there are no external forces, so momentum 1s conserved: 
Pimual — Pnnal 
HAĐA = (mạ + mp) Đ., 


Solving for ø', we obtain 
— LIÊN — 10,000 kg 

° 10,000 kg + 10,000 kg 
to the right. Their mutual speed after collision 1s half the Initial speed of car A. 


24.0 = 12.0 
m. Đ \ m/s) m/s, 


NOTE_ We kept symbols until the very end, so we have an equation we can use 
in other (related) situations. 


NOTE We haven't included friction here. Why? Because we are examining 
speeds Just before and ]ust after the very brief time interval of the collision, and 
during that brief time friction can”t do much—ít is ienorable (but not for long: 
the cars will slow down because of friction). 


EXERCISE € In Example 7-3, mụ = mg, so in the last equation, mẠ/(mụ + mạ) =ả. 


Hence ?' = ÿ¿øA. What result do you get if (2) zm; = 3m, (b) mạ is much larger than 
mụ (mạ >> mạ), and (c) mẹ << mụ ? 


EXERCISE DA 50-kg child runs off a dock at 2.0 m/s (horizontally) and lands in a waiting 
rowboat of mass 150 kg. At what speed does the rowboat move away from the dock? 


The law of conservation of momentum 1s particularly useful when we are 
dealing with fairly simple systems such as colliding obljects and certain types of 
“explosions.” For example, rocket propulsion, which we saw 1n Chapter 4 can be 
understood on the basis oŸ action and reaction, can also be explained on the 
basis of the conservation of momentum. We can consider the rocket plus 1ts fuel as an 
1solated system I it 1s far out in space (no external forces). In the reference frame 
of the rocket before any fuel 1s eJected, the total momentum of rocket plus fuel 
1s zero. When the fuel burns, the total momentum remains unchanged: the back- 
ward momentum of the expelled gases 1s Just balanced by the forward momentum 
gained by the rocket itself (see EFig. 7-6). Thus, a rocket can accelerate in empty 
space. There 1s no need for the expelled gases to push agaInst the Earth or the 
aIr (as 1s sometimes erroneously thought). Similar examples of (nearly) isolated 
systems where momentum 1s conserved are the recoil of a gun when a bullet 1s fired 
(Example 7—5), and the movement ofa rowboat Just after a package is thrown from It. 


Falling on or off a sled. (z) An empty sled 
1s sliding on frictionless ice when Susan drops vertically from a tree down onfo 
the sled. When she lands, does the sled speed up, slow down, or keep the same 
speed? (5) Later: Susan falls sideways off the sled. When she drops off, does 
the sled speed up, slow down, or keep the same speed? 


RESPONSE (ø) Because Susan falls vertically onto the sled, she has no initial 
hor1zontal momentum. Thus the total horizontal momentum afterward equals the 
momentum of the sled imtially. Since the mass of the system (sled + person) has 
Iincreased, the speed must decrease. 


(b) At the instant Susan falls off, she 1s moving with the same horizonfal speed 
as she was while on the sled. At the moment she leaves the sled, she has the 
same momentum she had an Instant before. Because her momentum does not 
change, neither does the sled”s (total momentum conserved); the sled keeps the 
same speed. 


đÒPpHvysics APPLIED 
Rocket propulsion 


@©cAurion 
A rocket does not push on the Earth; 
if is propelled by pushing out the 
gases i† burned as fuel 


FIGURE 7-6 (a) A rocket, 
containing fuel, at rest in some 
reference frame. (b) In the same 
reference frame, the roeket fires and 
gases are expelled at high speed out 
the rear. The total vector momentum, 
Pgas Ð Procket, 'emains zero. 


(a) s8 ————_ 


g=0 


®) 
—=—= E——}>~ 


P gas P rocket 
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(a) Before shooting (at rest) 


LG == .. P B 
(b) After shooting 


FIGURE 7-7 Example 7-5. 


FIGURE 7-8 Tennis racket striking 
a ball. Both the ball and the racket 
strinsgs are deformed due to the large 
force each exerts on the other. 


EXAMPLE 7-5 | Rifle recoil. Calculate the recoil velocity of a 5.0-kg rifle that 
shootfs a 0.020-kg bullet at a speed of 620 m/s, Fig. 7—7. 


APPROACH Our system 1s the rifle and the bullet, both at rest Initially, just 
before the trigger 1s pulled. The trigger 1s pulled, an explosion occurs Inside the 
bullet”s shell, and we look at the rifle and bullet Just as the bullet leaves the barrel 
(Eig. 7-7b). The bullet moves to the ripht (+x), and the gun recoils to the left. 
Duưring the very short time 1nterval of the explosion, we can assume the external 
forces are small compared to the forces exerted by the exploding gunpowder. 
Thus we can apply conservation of momentum, at least approxImately. 
SOLUTION Let subscript B represent the bullet and R the rifle; the final veloc- 
1fIes are Indicated by primes. Then momentum conservafion In the x direction 
ØIVeS 


momentum before =  momentum after 
mpÐpg T PmrạĐa — mpUp + mạĐR 
0 + 0 — Tp ĐB + [4ñ ĐR.- 


W solve for the unknown œạ, and find 


tp Đp (0.020 kg)(620 m/s) 
my (5.0 kg) s 


, 


ĐR 


—2.5m/s. 


Since the rifle has a much larger mass, I(s (recoil) velocity 1s much less than that 
of the bullet. The minus sign indicates that the velocity (and momentum) of the 
rifle 1s in the negative x direction, opposite to that of the bullet. 


EXERCISE E Return to the Chapter-Opening Ouestions, page 170, and answer them 
agaIn now. Try to explain why you may have answered differently the first time. 


/-3 Collisions and Impulse 


Collisions are a common occurrence 1n everyday life: a tennis racket or a baseball 
bat striking a ball, billiard balls coliding, a hammer hitting a nail. When a collision 
Occurs, the 1nteraction between the objects Involved 1s usually far stronger than 
any external forces. We can then Ignore the effects of any other forces during the 
brief time interval of the collision. 

During a collision of two ordinary oblects, both obJects are deformed, often 
considerably, because of the large forces involved (Eig. 7-8). When the collision 
OCcurs, the force each exerts on the other usually †umps from zero at the moment 
Of contact to a very large force within a very short time, and then rapidly 
refurns fo Zero again. A graph of the magmitude of the force that one oblect 
exerts on the other durimng a collision, as a function of time, 1s something like 
the red curve In Fig. 7-9. The time Interval A7 1s usually very distinct and very 
small, typically milliseconds for a macroscopIc collision. 


FIGURE 7-9 Force as a function of time é 
during a typical collision. can become đ 
very large; Af 1s typically milliseconds š 
for macroscopIc collisions. th 
0 Time, / (ms) 


176D CHAPTERZ7 Linear Momentum 


From Newton”s second law, Eq. 7-2, the me force on an obJect 1s equal to the 
rate of change 0Ÿ 1ts momentum: 
- Ap 
F = —-: 
Af 
(We have written Ê instead of SE for the net force, which we assume is entirely 
due to the brief but large averaøge force that acts during the collision.) Thĩs equa- 
tion applies to each of the two obJecfs In a collision. We multiply both sides of this 
equation by the time Interval A7, and obtain 


FA/ = Aÿ. (7-4) 


The quantity on the left, the product of the force E times the time A/ over which 
the force acts, 1s called the impulse: 


Impulse = EAi. (7-5) 


W© see that the total change in momentum 1s equal to the impulse. The concept 
Of impulse 1s useful mainly when dealing with forces that act during a short time 
Iinterval, as when a bat hifs a baseball. The force 1s generally not constant, and 
often 1fs variation in time 1s like that graphed in Eigs. 7-9 and 7—10. We can often 
approximate such a varying force as an average force Ƒ acting during a time 
interval Af, as indicated by the dashed line in Fig. 7-10. F is chosen so that the 
area shown shaded in Eig. 7-10 (equal to  X A7) is equal to the area under the 
actual curve of #'vs., Fig. 7—9 (which represents the actual impulse). 


EXERCISE F Suppose Fig. 7-9 shows the force on a golf ball vs. time during the time 
Iinterval when the ball hits a wall. How would the shape of this curve change I1 a softer 
rubber ball with the same mass and speed hit the same wall? 


EXAMPLE 7-6 | ESTIMATE | Karate blow. Estimate the impulse and the 
average force delivered by a karate blow that breaks a board (Eig. 7-11). 
Assume the hand moves at roughly 10 m/s when it hifs the board. 


APPROACH We use the momentum-impulse relation, Eq. 7-4. The hand”s 
speed changes from 10 m/s to zero over a distance of perhaps one cm (roughly 
how much your hand and the board compress before your hand comes to a 
stop, and the board begins to øgive way). The hand”s mass should probably include 
part of the arm, and we take 1t to be roughly z + 1 kg. 


SOLUTION The impulse # A7 equals the change in momentum 
FAt = Ap = mAo 3 (1kg)(10m/s — 0) = 10kg-m/s. 


We can obtain the force 1ƒ we know Af. The hand 1s brought to rest over the dis- 

tance of rouphly a centimeter: Ax + 1cm. The average speed during the 

impact is ø = (10m/s + 0)/2 = 5m/s and equals Ax/Af. Thus Aƒ = Ax/0 + 

(10 ?m)/(5 m/s) = 2 x 10 3s or 2 ms. The average force is thus (Eq. 7-4) about 
= Ap 10 kg-m/s 


F= = + 5000N = 5kN. 
Af 2x 10s 


7-4 Conservation of Energy and 
Momentum ïn Collisions 


Durimg most collisions, we usually don't know how the collision force varies 
Over time, and so analysis using Newton”s second law becomes difficult or Impos- 
sible. But by making use of the conservation laws for momentum and energy, 
we can still determine a lot about the motion after a collision, øiven the mofion 
before the collision. We saw in Section 7-2 that in the collision of two objJecfs 
such as billiard balls, the total momentum 1s conserved. If the two obJecfs are 
very hard and no heat or other energy 1s produced in the collision, then 
the total kinetic energy of the two obJectfs 1s the same after the collision as before. 
For the brief moment during which the two objects are in contact, some (or 
all) of the energy 1s stored momentarily in the form of elastic potential energy. 


FIGURE 7-10 The average force # 
acting over a very brIef time 
Iinterval Af g1ves the same Impulse 
(Ƒ A9) as the actual force. 


FIGURE 7-11 Example 7-6. 
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(a) Approach 


`\Y/ 


Ẩộy 


(b) Collision 


(€) If elastic 


(đ) TỶ inelastic 
FIGURE 7-12 Two cqual-mass 
objects (a) approach each other 
with equal speeds, (b) collide, and 
then (c) bounce off with equal 
speeds in the opposiIte directions If 
the collision 1s elastic, or (đ) bounce 
back much less or not at all 1f the 
collision is inelastie (some of the KE 
1s transformed to other forms of 
energy such as sound and heat). 


FIGURE 7-13 Two small objects of 
masses 7A and 7p, (a) before the 
collision and (b) after the collision. 


(a) 3 


(b) * 


But If we compare the total kinetic energy just before the collision with the 
total kinetic energy Just after the collision, and they are found to be the same, 
then we say that the total kinetic energy 1s conserved. Such a collision 1s called 
an elasfic collision. If we use the subscripts A and B to represent the two obJects, 
we can wrife the equation for conservafion of total kinetic energy as 


total KEbefore #Z total KE after 


3mHAUA + 3mpUB = 3mAUẬ + smpg UỆ. [elastic collision] (7-6) 
Primed quantities (ˆ) mean after the collision, and unprimed mean before the 
collision, Just as in Eq. 7—3 for conservation of momentum. 

At the atomic level the collisions of atoms and molecules are often elastic. 
Butin the “macroscopIc” world of ordinary obJects, an elastic collision 1s an 1deal 
that 1s never quife reached, since at least a little thermal energy 1s always produced 
during a collision (also perhaps sound and other forms of energy). The col- 
lision of two hard elastic balls, such as billiard balls, however, 1s very close to 
being perfectly elastic, and we often treat it as such. 

We do need to remember that even when kinetic energy 1s not conserved, 
the fo/al energy 1s always conserved. 

Collisions in which kinetic energy 1s not conserved are said to be inelasfic 
collisions. The kinetic energy that 1s lost 1s changed Into other forms of energy, 
often thermal enerøy, so that the total energy (as alwayS) is conserved. In this case, 


KEA + KEs = KEA + KEbs + thermal and other forms of enerøy. 


See Hg. 7—12, and the details In is caption. 


Z7—5 Elastic Collisions in One Dimension 


We now apply the conservation laws for momentum and kinetic energy to an elastIc 
collision between two small objJects that collide head-on, so all the motion 1s along a 
line. To be general, we assume that the two obJects are moving, and their velocifIies 
are 0a and 0p along the x axIs before the collision, Eig.7—13a. After the collision, 
therr velocifties are øA and øpb„ Hg.7-13b. For any ø > 0, the object is moving to the 
ripht (increasing x), whereas for ø < 0, the object is moving to the left (toward 
decreasing values of x). 
From conservation of momentum, we have 

AĐA TT mpÙp — HAUA + tạp. 
Because the collision 1s assumed to be elastic, kinetic energy 1s also conserved: 

1 


2 41 2 _— 1 2 1 2 
2HAUA T 211pUb = 7IHAĐA + 517g ĐẸ. 


W© have two equations, so we can solve for two unknowns. If we know the masses 
and velocifIles before the collision, then we can solve these two equations for the 
velocities after the collision, øA and œp;. We derive a helpful result by rewriting the 
momentum equation as 

HẠ(ĐA = 0A) = my(Đb = 0a), () 
and we rewrite the kinefic energy equafion as 

mụ(UÀ — 0Ã) = mm(UỆ — tội). 
Noting that algebraically (a? — b”) = (a — b)(a + b), we write this last equation as 

mẠ(ĐA — ĐA Ì(ĐA + ĐA) — Phu(Dh — ĐgÌ(Đp + Đạ). (i) 
We divide Eq. (1ï) by Edq. (1), and (assuming øx # A and ø; # 9g) obtain 


ĐA TA = Đp +9p. 


Note that Eqs. (ï) and (i¡), which are the conservation laws for momentum and kinetic energy, are 
both satisfied by the solutlon øA = øA and 0p = 0g. This is a valid solution, but not very Interesting. 
Tt corresponds to no collision at all——when the two objects miss each other. 
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We can rewrite this equation as 


ĐA — Đg = Đp — ĐA 
OT 


ĐA — Đg =—= —(ĐA — Đhì. [head-on (1-D) elastic collision] (7-7) 


Thịs 1s an Inferesting result: 1t tells us that for any elastic head-on collision, the 
relative speed of the two objects after the collision (0A — s) has the same magnitude 
(but opposite direction) as before the collision, no matter what the masses are. 

Equation 7-7 was derived from conservation of kinetic energy for elastic 
collisions, and can be used In place of 1t. Because the 2s are not squared in 
Eq. 7-7, 1t 1s simpler to use in calculations than the conservation of kinetic 
energy equation (Eq. 7-6) directly. 


Equal masses. Billiard ball A of mass z moving with 
speed 0a collides head-on with ball B of equal mass. What are the speeds of the two 
balls after the collision, assuming It 1s elastic? Assume (ø) both balls are moving 
initially (o4 and g), (b) ball B is initially at rest (og = 0). 


APPROACH There are two unknowns, A and øs, so we need two indepen- 
dent equations. We focus on the time interval from Just before the collision 
unfil just after. No net external force ac(s on our system of two balls (zz and 
the normal force cancel), so momentum 1s conserved. Conservation of kinetic 
energy applies as well because we are told the collision 1s elastic. 


SOLUTION (2z) The masses are equal (zmmẠ = my = m) so conservation of 
momenftum ø1ves 


ĐA + Đp = ĐA +9g. 


W© necd a second equation, because there are two unknowns. We could use the 
conservation of kinetic energy equation, or the simpler Eq. 7—7 derived from 1t: 


ĐA — Đp —= Đb — ĐA. 


We add these two equations and obtain 


and then subtract the two equations to obtain 
UA = 9p. 


That 1s, the balls exchange velocifies as a result of the collision: ball B acquires 
the velocity that ball A had before the collision, and vice versa. 


(b) If ball B is at rest Initially, so that øp = 0, we have 


and 

ĐA = 0. 
That 1s, ball A 1s brought to rest by the collision, whereas ball B acquires the 
original velocity of ball A. See Eig. 7—14. 


NOTE Our result in part (b) is often observed by billiard and pool players, and 
1s valid only 1ƒ the two balls have equal masses (and no spin 1s g1ven to the balls). 


€Š*CAUTION 
NÑelatiue speeds (one đimension only) 


FIGURE 7-14 In this multiflash photo of a head-on 
collision between two balls of equal mass, the white 
cue ball is accelerated from rest by the cue stick and 
then strikes the red ball, initially at rest. The white 
ball stops ín 1s tracks, and the (equal-mass) red ball 
moves off with the same speed as the white ball had 


before the collision. See Example 7—7, part (ð). 
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Ấp 
c——- 
P He 
(a) 
V p M He 
(b) 


FIGURE 7-15 Example 7—8: 


(a) before collision, (b) after collision. 
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A nuclear collision. A proton (p) of mass 1.01 u (unified 
atomic mass unifs) traveling with a speed of 3.60 x 10fm/s has an elastic 
head-on collision with a helium (He) nucleus (m;¿ = 4.00u) initially at rest. 
'What are the velocifties of the proton and helium nucleus after the collision? 
(As mentioned in Chapter 1, 1u = 1.66 x 10 ””kg, but we won't need this 
fact.) Assume the collision takes place in nearly empty space. 


APPROACH Like Example 7-7, this is an elastic head-on collision, but now the 
1asses Of our two particles are not equal. The only external force could be 
Earths gravity, but 1t 1s Insignifiicant compared to the powerful forces between the 
two particles at the moment of collision. So again we use the conservation laws of 
momentum and of kinetic energy, and apply them to our system of two particles. 
SOLUTION We use the subscripts p for the proton and He for the helium 
nucleus.We are given œwx¿ = 0 and œp; = 3.60 X 10 m/s. We want to fnd the 
velocities œ, and œ, after the collision. From conservation of momentum, 


mp0Ðp + ÚU_= mụẹ0p + mẹ Đụe- 
Because the collision 1s elastic, the kinetic energy of our system oŸ two particles 1s 
conserved and we can use Eq. 7—7, which becomes 
Đp — = Đhẹ — Đp. 
Thus 
Đp = Đhạ — Đp› 
and subsfituting this nto our momentum equafion displayed above, we getf 
tmpĐUp = mpUhe — PipĐp + ttnẹ Đhe- 
Solving for h„, we obftain 


2mp®Ð 2(1.01 u)(3.60 x 10”m/s 
DỊ» = ĐÓ. 2001 0Ì S 145 x 101m/s. 
mẹ + Tục (4.00u + 1.01u) 


The other unknown 1s Đp; which we can now obtain from 


Đp = ĐhẹT— 0p = (145 x10°m/§) — (3.60 x 10°m/s) = —2.15 x 10°m/s. 


The minus sien for œ, tells us that the proton reverses direction upon collision, 
and we see that Ifs speed is less than 1ts initial speed (see Eig. 7—15). 


NOTE This result makes sense: the lighter proton would be expected to “bounce 
back” from the more massive helrum nucleus, but not with 1ts full original velocIty 
as from a ripid wall (which corresponds to extremely large, or Infinite, mass). 


Z=6 Inelastic Collisions 


Collisions in which kinetic energy 1s not conserved are called inelastic collisions. 
Some of the imitial kinetic energy 1s transformed into other types of energy, such 
as thermal or potenftial energy, so the total kinetic energy after the collision 1s less 
than the total kinetic energy before the collision. The Inverse can also happen 
when potential energy (such as chemical or nuclear) is released, in which case the 
total kinetic energy after the Interaction can be greater than the Imiial kinetic 
energy. Explosions are examples of this type. 

TypIcal macroscopIc collisions are 1nelasfic, at least to some extent, and often to 
a large extent. Iftwo obJects stick together as a result of a collision, the collision 
1s said to be completely inelasfic. Two colliding balls of putty that stick together 
or two railroad cars that couple together when they collide are examples of com- 
pletely Inelastic collisions. The kinetic energy 1n some cases 1s all transformed to 
other forms of enersy In an Inelastic collision, but in other cases only part OŸ 1t 1s. 
In Example 7-3, for instance, we saw that when a traveling railroad car collided 
with a statlonary one, the coupled cars traveled off with some kinetic energy. In a 
completely mnelastic collision, the maximum amount of kinetic enerøy 1s transformed 
to other forms consistent with conservation of momentum. Even though kinetic 
enerøy 1s not conserved In inelastic collisions, the total enersy 1s always conserved, 
and the total vector momentum 1s also conserved. 


Ballistic pendulum. The bzi/sic pendulưưn 1s a device used 
to measure the speed of a proJectile, such as a bullet. The proJectile, of mass zm, 
1s fired into a large block (of wood or other material) of mass ÄM⁄, which 1s 
suspended like a pendulum. (Dsually, Ä⁄ is somewhat greater than zn.) As a result 
of the collision, the pendulum and proJectile together swing up to a maximum 
height h, Fig. 7—16. Determine the relationship between the 1mitial horizontal 
speed of the projJectile, », and the maximum heipht ?. 


APPROACH We can analyze the process by dividing 1t Into two parts or fWO 
time intervals: (1) the time interval from just before to Just after the collision 
1self, and (2) the subsequent time interval in which the pendulum moves from 
the vertical hanging position to the maximum heipht ?. 

In part (1), Eig. 7—16a, we assume the collision time 1s very short, so that the 
projecfile 1s embedded in the block before the block has moved sipmificantly from 1s 
Test position directly below 1s support. Thus there 1s effectively no net external force, 
and we can apply conservation of momenfum to this completely Inelastic collision. 

In part (2), Fig. 7-16b, the pendulum begins to move, subject to a net 
external force (gravity, tending to pull it back to the vertical position); so for 
part (2), we cannot use conservation of momentum. But we can use conservation 
of mechanical energy because gravity Is a conservative force (Chapter 6). The 
kinetic energy Immediately after the collision 1s changed entirely to gravitational 
potential energy when the pendulum reaches 1ts maximum height, ở. 


SOLUTION In part (1) momentum 1s conserved: 


total pbefore = total pafter 
mu = (m + M)U, (@) 
where 0“ 1s the speed of the block and embedded proJectile Just after the colli- 
sion, before they have moved significantly. 
In part (2), mechanical energy 1s conserved. We choose y = 0 when the 


pendulum hangs vertically, and then y = h when the pendulum—proJectile 
system reaches 1ts maximum heipht. Thus we wrife 


(KE + PE) just after collision =  (KE + PE) at pendulum”s maximum height 
OF 


sứm+ M)u? + 0 


Ú + (+ M)gh. () 
We solve ÍOr 0': 
0= N/⁄2gh. 


Inserting this result for ø' into Ed. (ï) above, and solving for 0, ø1Ves 


m+aM „ m+a M 
ĐU= "Hiền øĩ %⁄2gh, 


which 1s our final result. 


NOTE: The separation of the process Into two parts was crucial. Such an analysIs 1s 
a powerful problem-solving tool. But how do you decide how to make such a 
division? Think about the conservation laws. They are your foøis. Start a problem 
by asking yourself whether the conservation laws apply In the gI1ven situation. 
Here, we determined that momentum 1s conserved only during the brief colli- 
sion, which we called part (1). Butin part (1), because the collision 1s inelastic, the 
conservation of mechanical energy is not valid. Then ¡n part (2), conservation 
of mechanical energy 1s valid, but not conservation of momentum. 

Note, however, that 1Ÿ there had been sigmificant motion of the pendulum 
during the deceleration of the projectile in the block, then there ?»ould have 
been an external force (gravity) during the collision, so conservation of momen- 
tum would not have been valid in part (1). 
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M+m 


(b) 


FIGURE 7-16 Ballistic pendulum. 


Example 7-9. 


se the conserbation Ïatus to 
analyze a problem 
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EXAMPLE 7-10 ¡| Railroad cars again. For the completely inelastic collision 
of the two railroad cars that we considered in Example 7—3, calculate how much 
Of the 1mtial kinetic enersy 1s transformed to thermal or other forms oŸ energy. 


APPROACH The railroad cars stick together after the collision, so this 1s a 
completely Inelastic collision. By subtracting the total kinetic energy after the 
collision from the total Iintial kinetic energy, we can find how much enerøy 1s 
transformed to other types Of eneTrgy. 


SOLUTION Before the collision, only car A 1s moving, so the total initial 
kinetic energy is 27a 04 = ¿(10,000 kg)(24.0 m/s)? = 2.88 x 105J. After the 
collision, both cars are moving with half the speed, “ = 12.0 m/s, by conserva- 
tion of momentum (Example 7-3). So the total kinetic energy afterward 1s 
KE' = 5(mA + mpg)'? = 3(20,000 kg)(12.0m/s)” = 1.44 x 105J. Hence the 
energy transformed to other forms 1s 


(2.88 x 105J) — (1.44 x 105J) = 1.44 x 1061, 
which 1s half the original kinetic enersy. 


*7=Z Collisions in Two Dimensions 


Conservation of momentum and energy can also be applied to collisions 1n tWO OT 
three dimensions, where the vector nature of momentum 1s especially Important. 
One common type of non-head-on collision 1s that in which a moving obJect (called 
the “projectile”) strikes a second object Initially at rest (the “target”). Thịs Is the 


FIGURE 7-17 A recent color- common situation In games such as billiards and pool, and for experimenfts in 
enhanced version of a cloud-chamber atomic and nuclear physics (the projectiles, from radioactive decay or a hiph- 
photograph made in the early days enerøy accelerator, strike a stationary target nucleus, Fig. 7-17). 

(1920s) of nuclear physics. Green Figure 7-18 shows the incoming proJectile, zz., heading along the x axIs 
lines are paths of helium nuclei (He)  toward the target object, z;, which is initially at rest. If these are billiard balls, 
coming from the left. One He, mạ strikes mp not quife head-on and they go off at the angles đ. and 6g, 


highlighted in yellow, strikes a proton_ rcsnectively, which are measured relative to zAˆs initial direction (the x axis). 
of the hydrogen gas in the chamber, 


and both scatter at an angle; the 


scattered proton”s path 1s shown 1n red. “ 
mụ 5 
A 
⁄ 
⁄ 
FIGURE 7-18 Object A, the projectile, — zụ z“\fA 


collides with object B, the target. After 
the collision, they move off with 
momenta ÿA and ÿ§ at angles ØA and 0p. ` 


Let us apply the law of conservation of momentum to a collision like that of 
Hig. 7-18. We choose the xy plane to be the plane In which the Initial and final 
momenta lie. Momentum 1s a vector, and because the total momentum 1s 
conserved, 1s componenfs 1n the x and y directions also are conserved. The 
x component of momentum conservation ø1ves 


PAx Ð Pny = PAx T Dhx 
Or, WIth px = 1s Đgy = Ö, 

HAĐA —= HA ĐA COSØA + ng 0p COS Øp, (7-8a) 
where primes (“) refer to quantities aƒ#er the collision. There 1s no motion In the y direc- 


tion 1mfially, so the y component of the total momentum 1s zero before the collision. 


“The objects may begin to deflect even before they touch if electric, magnetic, or nuclear forces act 
between them. You mipht think, for example, of two magnets orIented so that they repel each other: 
when one moves toward the other, the second moves away before the first one touches If. 
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The y component equation oŸ momentum conservafion 1s then 


PAy T Dgy = PAy + Phy 
OF 
Ú =: ma 0A SInØA + my 0p si 0g. (7-8b) 


'When we have two Independent equations, we can solve for two unknowns at most. 


Billiard ball collision in 2-D. Billiard ball A moving with 
speed œ4 = 3.0m/s ïn the +x direction (Fig. 7—19) strikes an equal-mass ball B 
1nitially at rest. The two balls are observed to move ofŸ at 45° to the x axIs, 
ball A above the x axis and ball B below. That 1s, Ø^ = 45” and 0b; = —45° 1m 
Fig. 7—19. What are the speeds of the two balls after the collision? 


APPROACH There is no net external force on our system of two balls, assuming 
the table ¡s level (the normal force balances pravity). Thus momentum con- 
servafion applies, and we apply 1t to both the x and y componentfs using the 
xy coordinate system shown In FEig. 7—19. We get two equations, and we have 
two unknowns, ^ and œp;. From symmetry we might guess that the two balls 
have the same speed. But let us not assume that now. Even though we are not 
told whether the collision 1s elastic or inelastic, we can still use conservatfion of 
momentum. 


SOLUTION We apply conservation of momentum for the x and y components, 
Eqs. 7-8a and b, and we solve for ơa and øp. We are gØIVeI 7A = 7p (= mì). 


SO 

(Orx)  mmuA =_ mua cOS(45°) + my cOS(—45°) 
and 

(for y) 0 =: ma sin(45°) + mu sin(—459). 
The zzs cancel out in both equations (the masses are equal). The second equation 
yields [recall from trigonometry that sin(—0) = —sm 0]: 

_". sin(45) —„ sin 45° s 

k Â sin(—45°) ^\ =sin 45° bb 


So they do have equal speeds as we guessed at first. The x component equation 
gIves [recall that cos(—0) = cos 0]: 


ĐA = ĐACOS(45°) + 0pCOS(45°) = 20A cos(45°); 
solving for z (which also equals 0b) ø1Ves 


_ ĐA — 3/0m/s _ 21m/s 
2cos(45°) — 2(0.707) ph iAn 


lỶ we know that a collision 1s elastic, we can also apply conservation of 
kinetic energy and obtain a third equation mm addition to Eqs. 7—8a and b: 


KEA + KEpg = KEA + KEp 
or, for the collision shown ïn Fig. 7—18 or 7—19 (where KEg = 0), 
3HAUA = 3mAUỆ + 3mp UỆ. [elastic collision] (7—8e) 


TỶ the collision 1s elastic, we have three independent equations and can solve for 
three unknowns. IÝ we are given 7A, 7p, 0a (and p, 1Ý It 1s not Zero), We can- 
not, for example, predict the final variables, 0A, øp, ØA„, and 0s, because there 
are four ofthem. However, 1Ý we measure one of these variables, say Øˆ , then the 
other three variables (A, øs, and 0p) are uniquely determined, and we can 
determine them using Eqs. 7—8a, b, c. 

A note of caution: Eq. 7-7 (page 179) does mø apply for two-dimensional 
collisions. It works only when a collision occurs along a line. 


FIGURE 7-19 Example 7-11. 


@©cAurion 
Equation 7-7 apples only im I-D 
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eoLVIA 


bà 


Momentum Conservation 
and Collisions 


(1. Choose your sysfem. If the situation is complex, 


(b) 


think about how you mipht break 1t up into separafte 
parts when one or more conservation laws apply. 
Consider whether a sipnificant net exfernal force 
actfs on your chosen system; 1f1t does, be sure the time 
Iinterval Af 1s so short that the effect on momentum 
1s negligible. That 1s, the forces that act between the 
Interacting obJects must be the only significant ones 
1Ý momentum conservafion is to be used. [Note: If 
this 1s valid for a portion of the problem, you can 
use momentum conservation only for that portion.] 
Draw a diagram of the Initial situation, Just before 
the interaction (collision, explosion) takes place, and 
Tepresent the momenfum of each obJect with an arrow 
and a label. Do the same for the final situation, Just 
after the interaction. 

Choose a coordinafe sysfem and “+” and “—” 
directions. (For a head-on collision, you will need 


generadl motion. 


Observations indicate that even I1f an object rotates, or several parts of a 
system of obJecfs move relative to one another, there 1s one point that moves In 
the same path that a particle would move 1Ÿ subJected to the same net force. 
This poimt 1s called the cenfer of mass (abbreviated CM). The general motion of 
an extended object (or system of objects) can be considered as (he sư öƒ the 
translational motion oƒthe CM, pÌus rotational, 0ibrational, or other types 0Ÿ motion 


about the CM. 


complicated paths. 


Ạ 
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only an x axIs.) It is often convenient to choose the 
+x axIs In the direction of one obJects Imitial velocity. 


Apply the momentum conservafion equation(s): 
total intial momentum = total fnal momentum. 


You have one equation for each component (x, y, z): 
only one equation for a head-on collision. [Don't for- 
get that 1t 1s the /øfaÏf momentum of the system that 
1S conserved, not the momenfa of individual objects.] 


TỶ the collision 1s elastic, you can also write down a 
conservafion of kinetic energy equaftion: 


total imtial KE total final KE. 

[Alternatively, you could use Eq. 7—7: 
ĐA — Đpg =— Đp — ĐA, 

1ƒ the collision is one dimensional (head-on). | 


Solve for the unknown(s). 


8. Check your work, check the unifs, and ask yourself 


whether the results are reasonable. 


Z-8 Center of Mass (CM) 


Momentum 1s a powerful concept not only for analyzing collisions but also for 
analyzing the translational motion of real extended objects. Until now, when- 
ever we have dealt with the motion of an extended object (that is, an object that 
has s1ze), we have assumed that it could be approximated as a point particle or 
that it undergoes only translational motlon. Real extended obJects, however, can 
undergo rofafional and other types of motion as well. For example, the diver 
) ) in Fig. 7-20a undergoes only translational motion (all parts of the object follow 
the same path), whereas the diver In Fig. 7-20b undergoes both translational 
and rotational motion. We will refer to motion that 1s not pure translation as 


As an example, consider the motion of the center of mass of the điver In 
Fig. 7-20; the CM follows a parabolic path even when the diver rotates, as shown 
in Fig. 7-20b. Thịis 1s the same parabolic path that a projected particle follows 
when acted on only by the force of gravity (projectile motion, Chapter 3). 
Other points in the rotating diver”s body, such as her feet or head, follow more 


FIGURE 7-20 The motion of the diver 1s pure translation 
1n (a), but is translation plus rotation in (b). The black dot 
represents the diver”s CM at each moment. 


FEigure 7-21 shows a wrench acted on by zero net force, translating and rotating 
along a horizonftal surface. Note that 1s CM, marked by a red cross, moves In a 
straight line, as shown by the dashed white line. 

'W© will show 1n Section 7—10 that the Imporfant properties of the CM follow from 
Newton?s laws 1f the CM1s deñned m the following way. We can consider any extended 
obJect as being made up of many tiny particles. But first we consider a system made 
up of only two particles (or small objects), of masses #4 and zm;. We choose a COOT- 
dinafe system so that both particles lie on the x axIs at positions xa and xg, Elg. 7—22. 
The center of mass of this system 1s defined to be at the position xe„, g1ven by 


HAXA TT TpgXpg HHAXA TT 1gXpg 
= 3 


ÝcM 
TA + p M 


where Mƒ = mạ + ứmp 1s the total mass of the system. The center of mass lies on 
the line Joining ma and z;. I the two masses are equal (mạ = Hp = m), then 
Xew 1S midway between them, because 1n this case 


mÍ(xa TP Xu) (Xa + #g) 
2m 2 
Tf one mass 1s greater than the other, then the CM 1s closer to the larger mass. 


TỶ there are more than two parficles along a line, there will be additlonal terms: 


ÝCM 


HAXA TT pXpg + mẹcxc + '"" HAXA TT pXpg + mẹcxc + `" (7-9a) 
Xem = = › 9a 
lau HẠ + mg + mẹ + **' M 


where # 1s the total mass of all the particles. 


CM of three guys on a raft. On a lightweight (air-filled) 
“banana boat,” three people of roughly equal mass 7 sit along the x axIs af pOSI- 
tions xa = 1.0m, xg = 5.0m, and xe = 6.0m, measured from the left-hand 
end as shown 1m Eig. 7-23. Find the position of the CM. Ignore the mass of the boat. 


APPROACH We are given the mass and location of the three people, so we 
use three terms in Eq. 7-9a. We approximate each person as a point particle. 
Equivalently, the location of each person 1s the position of that person”s own CM. 


SOLUTION_ We use Eq. 7-9a with three terms: 


— MXA + mừxp + mực — m(XA + xp + xc) 
lều, m + m + m 3m 
(1.0m + 5.0m + 6.0m) 120m 
= 3 = 3 = 4.0m 


The CM 1s 4.0 m from the left-hand end of the boat. 


EXERCISE G Calculate the CM of the three people in Example 7—12, taking the origin 
at the driver (xe = 0) on the right. Is the physical location of the CM the same? 


Note that the coordinates of the CM depend on the reference frame or coordinatfe 
system chosen. But the physical location of the CM 1s Independent of that choIce. 

Tf the particles are spread out 1n two or three dimensions, then we musf speclfy 
not only the x coordinate of the CM (Xi; but also the y and z coordinates, which wIll 
be given by formulas like Eq. 7-9a. For example, the y coordinate of the CM wIll be 


HA ÿA TT tp Vg + '** HA VA TT tg ÿg + ''* 
= = 7—9b 
s" HẠ + 7g + +" M ( ) 


where Ả 1s the total mass of all the particles. 


FIGURE 7-21 Translation plus 
rofation: a wrench moving over a 
smooth hor1zontal surface. The CM, 
marked with a red cross, moves In 

a straight line because no net 

force acfs on the wrench. 


FIGURE 7-22 The center of mass 
Of a two-particle system lies on the 
line Joining the two masses. Here 
mA > tp, so the CM 1S cÏOS€T tO 71A. 
than to ng. 

M 


FIGURE 7-23 Example 7-12. 


0 1.0m 5.0m 6.0m #* 
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PIvot point 


FIGURE 7-24 The force of gravity, 
considered to act at the CG, causes 
this obJect to rotate about the pIvot 
poimt; 1ƒ the cG were on a vertical 
line directly below the pivot, the 
object would remain at rest. 


FIGURE 7-25 Finding the cG. 


A concept similar to cenfer oƒmass 1s cenfer of gravify (CG). An objects CG 1s 
that poïnt at which the force of gravity can be considered to act. The force of pravIty 
actually acts on a/ƒ the different parts or particles of an obJect, but for purposes of 
determining the translational motion of an obJect as a whole, we can assume that 
the entire weipht of the object (which ¡s the sum of the weiphts of all its part) acts 
at the CG. There 1s a conceptual difference between the center of gravify and the 
cenfer of mass, but for nearly all practical purposes, they are at the same point. 

lt is often easler to determine the CM Or CG Of an extended object experimen- 
tally rather than analytically. If an obJect 1s suspended from any poïnt, 1t will swing 
(Eig. 7-24) due to the force of gravity on it, unless it is placed so 1s CG lies on 
a verfical line directly below the point from which 1t 1s suspended. TỶ the obJect 1s 
two dimensional, or has a plane of symmetry, 1t need only be hung from two 
different pivot points and the respective vertical (plumb) lines drawn. Then the 
center of gravity will be at the Intersection of the two lines, as in Fig. 7-25. If 
the object doesn”t have a plane of symmetry, the CG with respect to the third dimen- 
sion 1s found by suspending the obJect from at least three poinfs whose plumb 
lines do not lie in the same plane. 

For symmetrically shaped objects such as uniform cylinders (wheels), spheres, 
and rectangular solids, the CM 1s located at the geometric center of the obJect. 

To locate the center of mass of a group of extended obJects, we can use 
Eqs. 7—9, where the 7s are the masses of these obJects and the xs, ys, and z”s 
are the coordinates of the CM Of each of the obJects. 


*Z-9 CM for the Human Body 


For a group of extended obJects, each of whose CM 1s known, we can find the 
CM Of the group using Eqs. 7-9a and b. As an example, we consider the human 
body. Table 7—1 Indicates the CM and hinge poinfs (Joints) for the different compo- 
nenfts of a “represenftative” person. Of course, there are wide variatlons among 
people, so these dafa represent only a very rough average. The numbers represent 
a percenfage Of the total heipht, which 1s regarded as 100 umts; similarly, the total 
mass 1s 100 units. For example, 1ƒ a person 1s 1.70 m tall, his or her shoulder Joint 
would be (1.70 m)(81.2/100) = 1.38m above the floor. 


TABLE 7-1 Center of Mass of Parts of Typical Human Body, given as % 
(full height and mass = 100 units) 


Distance of Hinge Hinge Poinís (s) Center of Mass (x) Percent 
Points rom Floor (%) (Joints) (% Height Above Floor) Mass 

9125 Sen Soc nu: Trunkandneck — 7L — 4615 
: elbow 62.2% Upper arms 71.7% 6.6% 
wrist 46.29 Lower arms 55.3% 4.2% 
52.1% Hñp joint Hands 43.1% 1.7% 
Upper legs (thphs) 42.5% 21.5% 

28.5% Knee joint 
Lower legs 18.2% 9.6% 
4.0% Ankle Joïnt Eset 1.8% 3.4% 
Body CM = 58.0% 100.0% 


Ÿ For arm hanging vertically. 


“There would be a đifference between the CM and CG only ¡n the unusual case of an object so large 
that the acceleration due to gravity, ø, was different at different parts of the object. 
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EXAMPLE 7-13 '¡ Alegs CM. Detcrmine the position of the CM ofa whole leg 
(a) when stretched out, and (b) when bent at 90°. See Fig. 7-26. Assume the 
person 1s 1.70 m tallL. 


APPROACH Our system consists of three objects: upper leg, lower leg, and foot. 
The location of the CM of each object, as well as the mass of each, 1s øgIven 1n 
Table 7—1, where they are expressed In percentage umts. To express the results 
in meters, these percentage values need to be multiplied by (1.70 m/100). 
When the leg 1s stretched out, the problem 1s one dimensional and we can 
solve for the x coordinate of the CM. When the leg 1s bent, the problem 1s two 
dimensional and we need to find both the x and y coordinates. 


SOLUTION (a) We determine the distances from the hip Joïnt using Table 7—1 
and obtain the numbers (%) shown in Fig. 7-26a. Using Eq. 7-9a, we obtain 
(u£ = upper leg, etc.) 


ITHuyXu#  ụXpg Ð MrXr 


X*cM — 1 
Thự + Trụ + Ir (b) | ị 
— (21.5)(9.6) + (9.6)(33.9) + (3.4)(50.3) < 301 li 
215 + 06-534 ‹+ MHIG: FIGURE 7-26 Example 7-13: 


finding the CM of a leg in two 


ý : 6 vấn different positions using percentages 
Thus, the center of mass of the leg and foot 1s 20.4 units from the hp Jjoint,OT qœọm tông 7-1. (@re . tr 


32.1 — 20.4 = 31.7units from the base of the foot. Since the person is 1/70m_ calculated cụ.) 
tall, this is (1.70 m)(31.7/100) = 0.54m above the bottom of the foot. 


(b) We use an xy coordinate system, as shown ¡in Fig. 7-26b. First, we calculate 
how far to the right of the hip Joint the CM lies, accounting for all three part: 


— (2L5)(946) + (9.6)(23.6) + (3.4)(23.6) 
bài 21.5 + 9.6 + 3.4 


= 14.9unIfs. 


¬ `... FIGURE 7-27 A high jumper's CM 
For our 1.70-m-tall person, this is (1.70 m)(14.9/100) = 0.25 m from the hip joint. may actually pass beneath the bar. 


Next, we calculate the distance, yeu, of the CM above the floor: 


— (3.4.8) + (9.6)(18.2) + (21.5)(28.5) 
bài 34+ 9,6 + 21.5 


= 23.0unIts, 


or (1.70m)(23.0/100) = 0.39m. Thus, the CM ïs located 39 cm above the floor 
and 25 cm to the ripht of the hip Joïnt. 


NOTE The CM lies outside the body 1n (0). 


Knowing the CM of the body when If 1s In various posiflons 1s OŸ øreaf use 1n 
studying body mechanics. One simple example from athletics 1s shown in Hg. 7—27. 
Tf high jumpers can get into the posifion shown, the1r CM can pass below the 
bar which their bodies go over, meaning that for a particular takeoff speed, they @® PHYSICS APPLIED 
can clear a higher bar. This is indeed what they try to do. The high juưnp 


*7—]U CM and Translational Motion 


As menftioned In Section 7—8, a major reason for the Importance of the concept 
Of center of mass 1s that the motion of the CM for a system of particles (or an 
extended object) ¡1s directly related to the net force acting on the system as a 
whole. We now show this, taking the simple case of one-dimensional motion 
(x direction) and only three particles, but the extension to more objecfs and to 
three dimensions follows the same reasoning. 
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NEWTON”S SECOND LAW 
(for a system) 


FIGURE 7-28 Example 7-14. 


Suppose the three particles lie on the x axIs and have masses 7A, pg, mẹ, 
and positlons xa, xg;, xc. From Eq. 7—-9a for the center oŸ mass, we can wrife 


MừXcw =  THAXA + mpgxpg + mẹxc, 


where M = /mA + ?mp + mẹ 1s the total mass of the system. If these particles 
are in motion (say, along the x axis with velocities 4, 2g, and øc, respectively), 
then In a short time Interval Af each particle and the CM will have traveled a dis- 
tance Ax = 0Aí, so that 


MUucy Ất = mA0A Ấf + mpp Af + mẹoe Ất. 
We cancel Af and get 
Moew — PHA DA + 1p Đp + tc Đc. (7-10) 


Since 7m. ĐA + 7#pÐpg + #c 1S the sum of the momenta of the particles 
Of the system, 1t represents the /ofal momenfumnr OŸ the system. Thus we see from 
Edq. 7—10 that £he total (ñnear) momentum öoŸ a system öŸ particles is equal to the 
product öoƒ the total mass M and the 0elocity öoƒ the center oƒ mass ðƒ the system. 
Or, the linear momentum oƒ an extended obJect is the product öƒ the objecfS mass 
and the 0elocity oŸ is CM. 

lÍ forces are acting on the particles, then the particles may be accelerating. In 
a short time mnterval Af, each particle's velocity wIll change by an amount À0 = a Ai. 
TỶ we use the same reasoning as we did to obtain Eq. 7—10, we find 


Macwu = mAdđA + mpapg + mẹac. 


According to Newton® second law, 7.đA = FA, mpag = Ƒpg, and mcac = Fc, 
where #4, #s, and œ are the net forces on the three particles, respectively. Thus 
we get for the system as a whole Mđcw = ƑA + Fg + Fc,OT 


Máacw = Fnạt. (7-11) 


That 1s, 0e sươn öƒ all the ƒorces acting on the system is equal to the total mass öŸ 
the system từmes the acceleration oƒ is center oƒ mass. Thĩs 1s Ñewton”s second 
law for a system of particles. It also applies to an extended object (which can be 
thoupht of as a collection of particles). Thus the center of mass of a system of 
particles (or of an object) with total mass ÄM moves as 1Ý all its mass were concen- 
trated at the center of mass and all the external forces acted at that point. We can 
thus treat the íranslafional mofion oŸ any object or system of obljects as the 
motion of a particle (see Figs. 720 and 7-21). This result simplifles our analysis 
of the motion of complex systems and extended obJects. Although the motion of 
VarIous parts of the system may be complicated, we may often be satisfiied with 
knowing the motion of the center of mass. This result also allows us to solve 
certain types of problems very easily, as 1llustrated by the following Example. 


COINCEPTUAL EXAMIPLE 7-14 | Atwo-stage rocket. A rocket is shot into 


the arr as shown in Hg. 7-28. At the moment the rocket reaches 1s hiphest point, 
a hor1zontal distance đ from 1fs starting point, a prearranged explosion separates 
1f Into twO parfs of equal mass. Part I 1s stopped in midarr by the explosion, and 
1t falls vertically to Earth. Where does part II land? Assume 8 = constant. 
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RESPONSE After the rocket is fired, the path of the CM o the system contin- 
ues fo follow the parabolic traJectory of a proJectile acted on by only a constant 
gravitatlonal force. The CM wIll thus land at a point 2đ from the starting 
point. Since the masses of I and II are equal, the CM must be midway between 
them at any time. Therefore, part II lands a distance 3đ from the starting pomt. 


NOTE TỶ part I had been given a kick up or down, Instead of merely falling, the 
solution would have been more complicated. 


EXERCISEH A woman stands up in a rowboat and walks from one end of the boat to 
the other. How does the boat move, as seen from the shore? 


€@pHvysics APPLIED 
Distant planets đdiscouered 


An interesting application 1s the discovery of nearby stars (see Section 5—8) 
that seem to “wobble.” What could cause such a wobble? It could be that a planet 
orbits the star, and each exerts a gravitational force on the other. The planets are 
too small and too far away to be observed directly by telescopes. But the slight 
wobble in the motion of the star suggests that both the planet and the star (its sun) 
orbit about their mutual center of mass, and hence the star appears to have a wobble. 
lIrregularities In the stars motlon can be measured to hiph accuracy, yielding 
information on the size of the planets” orbits and theIr masses. See Fig. 5-30 1n 
Chapter 5. 


[ Summary 


The linear momentum, ÿ, of an obJect is defined as the product 
Of 1ts mass times Ifs veÌOCIty, 


Œ-1) 


In terms of momentum, Newton® second law can be written 
aS 


AB 


SE = 
Af 


(7-2) 
That 1s, the rate of change of momentum of an obJject equals 
the net force exerted on It. 

When the net external force on a system of obJec(s 1s 
zero, the total momentum remains constant. This 1s the law of 
conservafion of momenfum. Stated another way, the total 
momentum of an 1solated system of objJects remains consfant. 

The law of conservation of momentum 1s very useful In 
dealing with collisions. In a collision, two (or more) objects 
I1nteract with each other over a very short time Interval, and the 
force each exerts on the other during this time Interval 1s very 
large compared to any other forces acting. 

The impulse delivered by a force on an obJect 1s defined as 

Impulse = EAI, (7-5) 
where F is the average force acting during the (usually very 
short) time Interval Ar. The impulse 1s equal to the change In 
momentum of the obJect: 

Impulse = FA/ = Aÿ. (7-4) 

Total momentum 1s conserved in zøy collision as long as 
any net external force 1s zero or negligible. IÝzzA VA and p Vpg 
are the momenta of two objects before the collision and zA VA, 


and g Vp are their momenta after, then momentum conserva- 
tion tells us that 
HA VÀ + rp Ýp = mHAYA + mpÝŸÝb (7-3) 
for this two-obJect system. 
Total energy ¡s also conserved. But this may not be helpful 


unless kinetic energy 1s conserved, in which case the collision 1s 
called an elastic collision and we can write 


1 2 1 2. —. 1 2 1 2 
2A UA + 2mpUB = 3MAUÁ + 2mpUg. — (T6) 


If kinetic energy 1s not conserved, the collision 1s called 
inelastdc. Macroscopic collisions are generally Inelastic. 
A completely inelastic collision 1s one in which the colliding 
obJects stick together after the collision. 

The cenfer oŸ mass (CM) of an extended obJect (or group of 
objects) is that point at which the net force can be considered 
to act, for purposes of determining the translational motion of 
the object as a whole. The x component of the CM for obJects 
with masS 7A, 7p, ..., 1S øIven by 


HHAXA TT HgXpg `" 


(7-9a) 


X*CM — 


HẠ TT ng Ð *'' 


[The center of mass of a system of total mass M moves In 
the same path that a particle of mass 4 would move 1f subJected 
to the same net external force. In equation form, this is Newton”s 
second law for a system of particles (or extended objects): 

Mác = Fe Œ-11) 
where #M 1s the total mass of the system, đcw 1s the acceleration 
of the CM of the system, and #¿¡ Is the total (net) external 
force acting on all parts of the system.] 
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 Questions 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


We claim that momentum 1s conserved. Yet most moving 
obJecfs eventually slow down and stop. Explain. 


. A lipht object and a heavy object have the same kinetic 


energy. Which has the greater momentum? Explain. 


.. When a person Jumps from a tree to the pround, what happens 


to the momentum of the person upon striking the ground? 


._ When you release an Inflated but untied balloon, why does 


1t fly across the room? 


. Explain, on the basis of conservation of momentum, how a 


fish propels Itself forward by swishing 1ts tail back and forth. 


. IWwo children float motionlessly In a space station. The 


20-kg girl pushes on the 40-kg boy and he sails away at 
1.0 m/s. The girl (2) remains motionless; (b) moves in the 
same direction at 1.0 m/s; (c) moves in the opposite direc- 
tion at 1.0m/s; (đ) moves in the opposife direction at 
2.0 m/s; (e) none of these. 


. According to Eq. 7-4, the longer the impact time of an 


1mpulse, the smaller the force can be for the same momentum 
change, and hence the smaller the deformation of the obJect 
on which the force acts. On this basis, explain the value of 
air bags, which are Intended to Inflate during an automobile 
collision and reduce the possIbility of fracture or death. 


- lFa falling ballwere to make a perfectly elastic collision with 


the floor, would it rebound to Its original heipht? Explain. 


. A boy stands on the back of a rowboat and dives Into the 


water. What happens to the boat as he leaves 1t? Explain. 


It 1s said that in anclent times a rich man with a bag of 
gold coins was stranded on the surface of a frozen lake. 
Because the Ice was frictionless, he could not push himself 
to shore and froze to death. What could he have done to 
save himself had he not been so miserly? 


The speed of a tennis ball on the return of a serve can be 
Just as fast as the serve, even though the racket Isn"t swung 
very fast. How can this be? 


]s it possible for an object to receive a larger impulse from a 
small force than from a large force? Explain. 


In a collision between two cars, which would you expect to 
be more damaging to the occupanfs: 1ƒ the cars collide and 
remain together, or If the two cars collide and rebound 
backward? Explain. 


A very elastic “superball” is dropped from a heipht h onfo a 
hard steel plate (fixed to the Earth), from which it rebounds 
at very nearly 1ts oripinal speed. (z) Is the momentum of the 
ball conserved during any part of this process? (b) If we 
consider the ball and the Earth as our system, during what 
parts of the process is momentum conserved? (c) Answer 
part (b) for a piece of putty that falls and sticks to the steel 
plate. 


Cars used to be buIilt as rigid as possible to withstand col- 
lisions. Today, though, cars are designed to have “crumple 
zones” that collapse upon Iimpact. What 1s the advantage 
Of this new design? 
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16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


*25. 


*26. 


*21. 


*28. 


At a hydroelectric power plant, water 1s directed at hiph 
speed against turbine blades on an axle that turns an elec- 
tric generator. For maxinum power generation, should 
the turbine blades be designed so that the water is brought 
to a dead stop, or so that the water rebounds? 


A squash ball hits a wall at a 45” angle as shown In Hig. 7-29. 
What ¡s the direction (2) of the change in momentum of 
the ball, (5) of the force on the wall? 


FIGURE 7-29 Question 17. 


Why can a batter hit a pitched baseball farther than a ball 
he himself has tossed up In the alr? 


Describe a collision in which all kinetic energy 1s losf. 


Tf a 20-passenger plane 1s not full, sometimes passengers 
are told they must si in certain seats and may not move to 
empty seats. Why mipht this be? 


'Why do you tend to lean backward when carrying a heavy 
load in your arms? 


Why 1s the CM of a 1-m length of pipe at Its midpoint, 
whereas this 1s not true for your arm or leg? 


How can a rocket change direction when 1t 1s far out In 
space and essentially in a vacuum? 


Bob and Jim decide to play tug-of-war on a frictlonless 
(icy) surface. Jim is considerably stronger than Bob, but 
Bob weighs 160 Ib whereas J]im weighs 145 lb. Who loses 
by crossing over the midline first? Explain. 


In one type of nuclear radioactive decay, an electron and a 
recoil nucleus are emitted but often do not separate along 
the same line. se conservation of momentum 1n two 
dimensions to explain why this Implies the emission of at 
least one other particle (it came to be called a “neutrino”). 


Show on a diagram how your CM shifts when you move 
from a lying position to a sitting posItion. 


T only an external force can change the momentum of the 
center of mass of an object, how can the internal force 
of the engine accelerate a car? 


A rocket following a parabolic path throuph the aïr sud- 
denly explodes into many pleces. What can you say about 
the motion of this system of pieces? 


 MisConceptual Questions 


1. A truck going 15 km/h has a head-on collision with a small 


car going 30 km/h. Which statement best describes the 

situaton? 

(2) The truck has the greater change of momentum 
because 1t has the øreater mass. 

(b) The car has the greater change of momentum because 
1t has the preafer speed. 

(c) Neither the car nor the truck changes Its momentum in 
the collision because momentum 1s conserved. 

(đ) They both have the same change in magnitude of 
momentum because momenftum Is conserved. 

(c) None of the above 1s necessarily true. 


. A small boat coasts at constant speed under a bridge. 

A heavy sack of sand is dropped from the bridge onto the 

boat. The speed of the boat 

(2) Increases. 

(b) decreases. 

(c) does not change. 

(4) Without knowing the mass of the boat and the sand, 
we can't tell. 


. TWwo identical billiard balls traveling at the same speed have a 
head-on collision and rebound. TỶ the balls had twice the 
mass, but maintained the same size and speed, how would 
the rebound be đifferent? 

(2) Ata higher speed. 

(B) At slower speed. 

(c) No difference. 


. An astronaut Is a short distance away from her space station 
wi(hout a tether rope. She has a large wrench. What should 
she do with the wrench to move toward the space station? 
(2) Throw it directly away from the space station. 

(Bb) Throw it directly toward the space sfation. 

(c) Throw It toward the station without letting go of it. 

(đ) Throw 1t parallel to the direction of the station”s orbit. 
(c) Throw It opposite to the direction of the station”s orbit. 


. The space shuttle, in circular orbit around the Earth, 
collides with a small asteroid which ends up ín the shuttle”s 
storaøe bay. For this collision, 

(2) only momentum is conserved. 

(b) only kinetic energy is conserved. 

(c) both momentum and kinetic energy are conserved. 

(đ) neither momentum nor kinetic energy 1s conserved. 


. Á golf ball and an equal-mass bean bag are dropped from the 
same heipht and hit the ground. The bean bag stays on the 
ground while the golf ball rebounds. Which experiences 
the greater impulse from the ground? 

(2z) The golf ball. 

(b) The bean bag. 

(c) Both the same. 

(đ) Not enough information. 


. You are lying in bed and want to shut your bedroom door. 
You have a bouncy “superball” and a blob of clay, both with 
the same mass. Which one would be more effective to throw 
at your đoor to close 1t? 

(2z) The superball. 

(B) The blob of clay. 

(c) Both the same. 

(đ) Neither will work. 


8. 


10. 


11. 


12. 


A baseball is pitched hor1zontally toward home plate with a 

velocity of 110 km/h. In which of the following scenarios 

does the baseball have the largest change in momentum? 

(a) The catcher catches the ball. 

(b) The ball is popped straight up at a speed of 110 km/h. 

(c) The baseball is hit straipght back to the pitcher at a 
speed of 110 km/h. 

(đ) Scenarios (2) and (0) have the same change In 
mmomentum. 

(e) Scenarios (4), (b), and (c) have the same change In 
Immomentum. 


. A small car and a heavy pickup truck are both out oŸ gas. 


The truck has twice the mass of the car. After you push both 

the car and the truck for the same amounf öƒ từne with the 

same force, what can you say about the momentum and 

kinetic eneregy (KE) of the car and the truck? Ignore friction. 

(a) They have the same momentum and the same KE. 

(b) The car has more momentum and more KE than the truck. 

(c) The truck has more momentum and more KE than the car. 

(đ) They have the same momentum, but the car has more 
kinetic energy than the truck. 

(c) They have the same kinetic energy, but the truck has 
more momentum than the car. 


Choose the best answer in the previous Question (# 9) but 
now assume that you push both the car and the truck for the 
same distance with the same force. [Himr: See also Chapter 6.] 


A railroad tank car contains milk and rolls at a constant speed 
along a level track. The milk begins to leak out the bottom. 
The car then 

(2) slows down. 

(ð) speeds up. 

(c) maintains a constant speed. 

(đ) Need more information about the rate of the leak. 


A bowling ball hangs from a 1.0-m-long cord, Fig. 7-30: 

() A 200-gram putty ball moving 5.0 m/s hits the bowling 

ball and sticks to it, causing the bowling ball to swing up; 

(1) a 200-gram rubber ball moving 5.0 m/s hits the bowling 

ball and bounces straight back at nearly 5.0 m/s, causing the 

bowling ball to swing up. Describe what happens. 

(a) The bowling ball swings up by the same amount in 
both (¡) and (1). 

() The ball swings up farther ïn (ï) than ïn (1). 

(c) The ball swings up farther in (1ñ) than in (1). 

(đ) Not enough information ïs given; we need the contact 
time between the rubber ball and the bowling ball. 


FIGURE 7-30 MisConceptual Question 12. 
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MisConceptual Ouestions 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


(wPj 


j Problems 


7—1 and 7-2 Momentum and lts Conservation 


1. 


2. 


3 


. 


(D What ¡is the magnitude of the momentum of a 28-g 
sparrow flying with a speed of 8.4 m/s? 

(DA constant friction force of 25N acts on a 65-kg sklier 
for 15 s on level snow. What 1s the skler”s change in velocity? 
(DA 7150-kg railroad car travels alone on a level friction- 
less track with a constant speed of 15.0m/s. A 3350-kg 
load, Imniially at rest, is dropped onto the car. What wIll be 
the car”s new speed? 


„ )A 110-kg tackler moving at 2.5 m/s meets head-on (and 


holds on to) an 82-kg halfback moving at 5.0 m/s. What will 
be their mutual speed Immediately after the collision? 


. (ID Calculate the force exerted on a rocket when the propel- 


ling øases are being expelled at a rate of 1300 kg/s with a 
speed of 4.5 x 10!m/s. 


. (I A 7700-kg boxcar traveling 14 m/s strikes a second car 


at rest. The two stick together and move of with a speed of 
5.0 m/s. What ïs the mass of the second car? 


. TA child in a boat throws a 5.30-kg package out horizon- 


tally with a speed of 10.0m/s, Fig. 7-31. Calculate the 
velocity of the boat Immediately after, assuming 1t was Imitially 
at rest. The mass of the child is 24.0 kg and the mass of the 
boat 1s 35.0 kg. 


FIGURE 7-31 = 
Problem 7. «Ä 
8. (II) An atomic nucleus at rest decays radioactively Into an 


10. 


11. 


12. 


13. 


alpha particle and a different nucleus. What wIll be the speed 
Of this recoiling nucleus 1Ÿ the speed of the alpha particle 
is 2.8 < 10°m/s? Assume the recoiling nucleus has a mass 
57 times greater than that of the alpha particle. 

(H) An atomic nucleus initially moving at 320 m/s emifs an 
alpha particle in the direction of1ts velocity, and the remain- 
¡ng nucleus slows to 280 m/s. If the alpha particle has a 
mass of 4.0 u and the original nucleus has a mass of 222 u, 
what speed does the alpha particle have when 1t is emitted? 
(II) An object at rest ¡is suddenly broken apart into two 
Íragments by an explosion. One fragment acquires twice the 
kinetic energy of the other. What is the ratio of their masses? 
(H) A 22-g bullet travelineg 240 m/s penetrates a 2.0-kg 
block of wood and emerges going 150 m/s. If the block ¡is 
stationary on a frictionless surface when hit, how fast does 
1t move after the bullet emerges? 

(HI) A 0.145-kg baseball pitched horizontally at 27.0 m/s 
strikes a bat and pops straight up to a height of 31.5 m. If 
the contact time between bat and ball 1s 2.5 ms, caleulate 
the average force between the ball and bat during contact. 
(HI) Aïr in a 120-km/h wind strikes head-on the face of a 
building 45 m wide by 75 m hiph and is broupht to rest. If 
air has a mass of 1.3 kg per cubic meter, determine the 
average force of the wind on the building. 
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14. 


(HD A 725-kg two-stage rocket 1s traveling at a speed of 
6.60 x 10°m/s away from Earth when a predesipgned 
explosion separates the rocket Into two secfions of equal 
mass that then move with a speed of 2.80 < 10 m/s relative 
to each other along the original line of motion. (2) What Is 
the speed and direction of each section (relative to Earth) 
after the explosion? (b) How much energy was supplied by 
the explosion? [Hmr: What is the change In kinetic energy 
as a result of the explosion?] 


7-3 Collisions and Impulse 


15. 


16 


17. 


18. 


19 


20. 


21. 


22. 


(DA 0.145-kg baseball pitched at 31.0 m/s is hit on a hori- 
zontal line drive straight back at the pitcher at 46.0 m/s. 
If the contact time between bat and ball is 5.00 x 10s, 
calculate the force (assumed to be constant) between the 
ball and bat. 

(HI) A golf ball of mass 0.045 kg is hit off the tee at a speed 
of 38 m/s. The golf club was in contact with the ball for 
3.5 < 10s. Find (z) the impulse imparted to the golf ball, 
and (ð) the average force exerted on the ball by the golf club. 
(H) A 12-kg hammer strikes a nail at a velocity of 7.5 m/s 
and comes to rest in a time interval of 8.0 ms. (z) What is 
the impulse given to the nail? (b) What is the average 
force acting on the nail? 

(H) A tennis ball of mass zz = 0.060 kg 
and speed ø = 28m/s strikes a wall at a 
45” angle and rebounds with the same 
speed at 45° (Fig. 7-32). What ¡s the 
impulse (magnitude and direction) given 
to the ball? 


FIGURE 7-32 
Problem 18. 


(H) A 125-kg astronaut (including space suit) acquires a 
speed of 2.50m/s by pushing off with her legs from a 
1900-kg space capsule. (z) What ¡is the change in speed of 
the space capsule? (5) If the push lasts 0.600 s, what 1s the 
average force exer(ed by each on the other? As the refer- 
ence frame, use the position of the capsule before the push. 
(c) What is the kinetic energy of each after the push? 

(ID) Rain ¡s falling at the rate of 2.5 cm/h and accumu- 
lates in a pan. If the raindrops hit at 8.0 m/s, estimate the 
force on the bottom of a 1.0-m“ pan due to the impacting 
rain which we assume does not rebound. Water has a mass Of 
1.00 < 10 kg per mỶ. 

TA 95-kg fullback 1s running at 3.0 m/s to the east and 1s 
stopped In 0.85 s by a head-on tackle by a tackler running 
due west. Calculate (z) the oripinal momentum of the 
fullback, (b5) the impulse exerted on the fullback, (c) the 
impulse exerted on the tackler, and (đ) the average force 
exerted on the tackler. 

(H) With what impulse does a 0.50-kg newspaper have to 
be thrown to give it a velocity of 3.0 m/s? 


#23. (II) Suppose the force acting on a tennis ball (mass 
0.060 kg) points in the +x direction and is given by the 
graph of FEig. 7-33 as a function of time. (2) Use praphical 
methods (count squares) to estimate the total Impulse øiven 
the ball. (5) Estimate the 
velocity of the ball after 300 
being struck, assuming 
the ball is being served 


SO 1f 1S nearÏy at rest sa lữ 
mitally  [Hữứ: See  œ, 
Section 6~2.] 100 
0 
FIGURE7-33 0 0.05 0.10 
Problem 23. f(S) 


24. (LII) (a) Calculate the impulse experienced when a 55-kg 
person lands on firm ground after jumping from a height 
of 2.8m. () Estimate the average force exerted on the 
person”s feet by the ground If the landing 1s stiff-legsed, 
and again (c) with bent legs. With stiff legs, assume the 
body moves 1.0 cm during impact, and 
when the legs are bent, about 50 cm. 
[Himr: The average net force on 
him, which 1s related to impulse, 

1s the vector sum oŸ gravify and 
the force exerted by the ground. 
See Fig. 7-34.| We will see in 
Chapter 9 that the force In (b) 
exceeds the ultimate strength of 
bone (Table 9-2). 


là 
À. 


FIGURE 7-34 do 
Problem 24. 


7-4 and 7-5 Elastic Collisions 

25. (II) A ball of mass 0.440 kg moving east (+x direction) 
with a speed of 3.80 m/s collides head-on with a 0.220-kg 
ball at rest. If the collision 1s perfectly elastic, what will be 
the speed and direction of each ball after the collision? 

26. (II A 0.450-kg hockey puck, moving east with a speed of 
5.80 m/s, has a head-on collision with a 0.900-kg puck ini- 
tially at rest. Assuming a perfectly elastic collision, what will 
be the speed and direction of each puck after the collision? 

27. (II) A 0.060-kg tennis ball, moving with a speed of 

5.50 m/s, has a head-on collision with a 0.090-kg ball ini- 

tially moving In the same direction at a speed of 3.00 m/s. 

Assuming a perfectly elastic collision, determine the speed 

and direction of each ball after the collision. 

(ID) Two billiard balls of equal mass undergo a perfectly 

elastic head-on collision. If one balls inital speed was 

2.00m/s, and the other's was 3.60m/s in the opposite 
direction, what wIll be their speeds and directions after the 
collision? 

IU) A 0.280-kg croquet ball makes an elastic head-on 

collision with a second ball mitially at rest. The second 

ball moves off with half the original speed of the first ball. 

(2) What ¡s the mass of the second ball? (b) What fraction 

of the original kinetic energy (AKE/KE) gets transferred 

to the second ball? 

TA ball of mass  makes a head-on elastic collision with 

a second ball (at rest) and rebounds with a speed equal 

to 0.450 1s oripinal speed. What is the mass of the 

second ball? 


28 


29 


30 


3í. (H) A ball of mass 0.220 kg that is moving with a speed 


of 5.5m/s collides head-on and elastically with another 
ball mmitially at rest. Immediately after the collision, the 
incoming ball bounces backward with a speed of 3.8 m/s. 
Calculate (z) the velocity of the target ball after the colli- 
sion, and (5) the mass of the target ball. 


.(H) Determine the fraction of kinetic energy lost by 


a neutron (mì = 1.01 u) when 1t collides head-on and 
elastically with a target particle at rest which is (z) |H 
(m= 101u); (5) {H (heavy hydrogen, zm = 2.010); 
(c) lẠC (m = 12.00u); (đ) “SŸPb (lead, m = 208 u). 


7-6 Inelastic Collisions 


33. (1 In a ballistic pendulum experiment, projectile 1 results 


1n a maximum height J of the pendulum equal to 2.6 cm. 
A second projectile (of the same mass) causes the pendulum 
tO swing twice as hiph, hạ = 5.2cm. The second projectile 
was how many times faster than the first? 


. (H) (#) Derive a formula for the fraction of kinetic energy 


lost, AKE/KE, in terms of # and M for the ballistic pendu- 
lum collision of Example 7-9. (5) Evaluate for z = 18.0 
and M⁄ = 360g. 


ID) A 28-g rifle bullet traveling 190 m/s embeds itself in a 
3.1-kg pendulum hanging on a 2.8-m-long string, which 
makes the pendulum swing upward in an arc. Determine 
the vertical and hor1zontal components of the pendulum”s 
maximum displacement. 


. (I) An internal explosion breaks an object, initially at 


resf, Into fwo pieces, one of which has 1.5 times the mass of 
the other. If 5500 J 1s released in the explosion, how much 
kinetic energy does each piece acquire? 


„ (1A 980-kg sports car collides into the rear end of a 2300-kg 


SUV stopped at a red light. The bumpers lock, the brakes 
are locked, and the two cars skid forward 2.6 m before stop- 
ping. The police officer, estimating the coefficlent of kinetic 
friction between tires and road to be 0.80, calculates the 
speed of the sports car at Impact. What was that speed? 


. (II You drop a 14-g ball from a height of 1.5 m and it only 


bounces back to a heipht of0.85 m. What was the total impulse 
on the ball when it hit the floor? (Ignore aïr resistance.) 


. ( Car A híts car B (iniially at rest and of equal mass) 


from behind while goïng 38 m/s. Immediately after the colli- 
sion, car B moves forward at 15 m/s and car A ïs at rest. What 
fraction of the Initial kinetic energy 1s lost In the collision? 


. I) A wooden block 1s cut into two pieces, one with three 


times the mass of the other. A depression is made In both 
faces of the cut, so that a firecracker can be placed in it with 
the block reassembled. The reassembled block 1s set on a 
rough-surfaced table, and the fuse ¡s lit. When the firecracker 
explodes ¡nside, the two blocks separate and slide apart. 
'What 1s the ratio of distances each block travels? 


ID) A 144-g baseball moving 28.0 m/s strikes a stationary 
5.25-kg brick resting on small rollers so 1t moves without 
sipnificant friction. After hitting the brick, the baseball 
bounces straipht back, and the brick moves forward at 
1.10 m/s. (2) What is the baseball's speed after the collision? 
(b) Eind the total kinetic energy before and after the collision. 
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42. 


43. 


(HI) A pendulum consists of a mass Ä⁄ hanging at the bottom 
end of a massless rod of lensth É, which has a frictionless 
pIVOt at 1fs top end. A mass 7m, _— 

moving as shown In Fig. 7-35 ẢNG 

with velocilty ø, Iimpacts Mí ` 

and becomes embedded. What Ñ 

1s the smallest value of ? \ 
sufficient to cause the pendulum \ 
(with embedded mass 7m) to 
swing clear over the top OŸ Its 


arc? 
Ụ ⁄ 
⁄ 
⁄ 
FGURE7-35 -Q——" .ˆ 
Problem 42. 
(II) A bullet of mass # = 0.0010 kg embeds itself in a 


wooden block with mass M⁄ = 0.999 kg, which then com- 
presses a spring (k = 140 N/m) by a distance x = 0.050m 
before coming to rest. The coefficient of kinetic friction 
between the block and table is  = 0.50. (z) What ¡is the 
Initial velocity (assumed horizontal) of the bullet? (b) What 
fraction of the bullets initial kinetic energy 1s dissipated 
(in damage to the wooden block, rising temperature, efc.) 
1n the collision between the bullet and the block? 


*7—7 Collisions in Two Dimensions 


+44. 


*45. 


+46. 


(II) Biliard ball A of mass zmẠ = 0.120kg moving with 
speed øA = 2.80m/s strikes ball B, initially at rest, of 
mass p = 0.140kg. As a result of the collision, ball A 
1s deflected off at an angle of 30.07 with a speed 
A = 2.10m/s. (2) Taking the x axis to be the original 
direction of motion of ball A, write down the equations 
expressing the conservation of momentum for the compo- 
nenfs in the x and y directions separately. (b) Solve these 
equations for the speed, 0b, and angle, Øps, of ball B after 
the collision. Do not assume the collision 1s elastic. 


(H) A radioactive nucleus at rest decays into a second 
nucleus, an electron, and a neutrino. The electron and 
neutrino are emitted at ripht angles and have momenta of 
9.6 x 10 ?kg-m/s and 6.2 x 10””Ìkg-m/s, respectively. 
Determine the magnitude and the direction of the momen- 
tum of the second (recoiling) nucleus. 


N) Billiard balls A and B, of equal mass, move at right 
angles and meet at the origin of an xy coordinate system 
as shown In Fig. 7-36. Initially ball A is moving along 
the y axis at +2.0m/s, and ball B is moving to the right 
along the x axis with speed +3.7m/s. After the collision 
(assumed elastic), ball B is moving along the posifive y aXIS 
(EFig. 7-36) with velocity 


øp. What is the final direc- kề 
tioön of ball A, and what 
are the speeds of the two Ứb 


balls2 


FIGURE 7-36 
Problem 46. 
(Ball A after 
the collision 1s 
not shown.) 
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#47. (III) An atomic nucleus of mass # traveline with speed œ 


*48 


collides elastically with a target particle of mass 2n (ini- 
tially at rest) and is scattered at 90°. (z) At what angle does 
the target particle move after the collision? (b5) What are 
the final speeds of the two particles? (c) What fraction of the 
1nitial kinetic energy 1s transferred to the target particle? 


(HI A neon atom (w = 20.0u) makes a perfectly elastic 
collision with another atom at rest. After the Impact, the 
neon atom travels away at a 55.6° angle from Its original 
direction and the unknown atom travels away at a —50.0° 
angle. What is the mass (in u) of the unknown atom? 
[Himr: You could use the law of sines.] 


7-8 Center of Mass (CM) 


49. (1) The distance between a carbon atom (øw = 12u) and 


50. 


51 


32 


53 


b 


an oxysen atom (= 16u) ¡in the CO molecule 1s 
1.13 x 10!°m. How far from the carbon atom is the 
center of mass of the molecule? 


(1) Eind the center of mass of the three-mass system shown 
1n Eig. 7—37 relative to the 1.00-kg mass. 


1.00 kg 150kg  1.10kg 


@ @ @© 


———0.50m———>'~(.25 ml 
FIGURE 7-37 Problem 50. 


(H) The cCM of an empty 1250-kg car 1s 2.40 m behind the 
front of the car. How far from the front of the car wIll the 
CM be when two people sit in the front seat 2.80 m from 
the front of the car, and three people sit in the back seat 
3.90 m from the front? Assume that each person has a mass 
of 65.0 kg. 


(IT) Three cubes, of side fạ, 2fạ, and 3y, are placed next to 
one another (in contact) with their centers along a straipht 
line as shown 1n Fig. 7-38. What is the position, along this 
line, of the CM oŸ this system? Assume the cubes are made of 
the same uniform material. 


x=0 


FIGURE 7-38 
Problem 52. 


~fg>*—2fq—>~——3fq——— 
(TA (Iightweight) pallet has a load of ten identical cases of 
tomato paste (see Fig. 7-39), 
each of which ¡1s a cube of 
lenegth £. Find the center of 
øravity In the hor1zontal plane, 
so that the crane operaftor can 
pick up the load without tip- 


png It. 


FIGURE 7-39 
Problem 53. 


54. (III) Determine the CM of the uniform thin L-shaped con- 
struction brace shown In Eig. 7-40. 


FIGURE 7-40 Problem 54. 
Thịs L-shaped obJect has uniform 
thickness đ (not shown). 


0.-20m 


55. (II) A unform circular plate of radius 2 has a circular 
hole of radius # cut out of it. The center C“ of the smaller 
circle 1s a distance 0.80N from 
the center C of the larger 
circle, Eig. 7-41. What 1s 
the position of the center 
of mass of the plate? 
[Himr: Try subtraction.] 


FIGURE 7-41 
Problem 55. 


*7—-9 CM for the Human Body 

*56. (I) Assume that your proportions are the same as those In 
Table 7—1, and calculate the mass of one of your leøs. 

#57. (I) Determine the CM of an outstretched arm usine Table 7—1. 

*58. (II) Use Table 7—1 to calculate the position of the CM Of an arm 
bent at a ripht anple. Assume that the person 1s 155 cm tall. 

*59. (II) When a hiph jumper is In a position such that his arms 
and lower legs are hanging vertically, and his thiphs, trunk, 
and head are horizontal Just above the bar, estimate how far 
below the torso's median line the CM wIll be. WII this CM be 
oufside the body? se Table 7-1. 

*60. (II Repeat Problem 59 assuming the body bends at the 
hip joint by about 15”. Estimate, using Elg. 7—27 as a model. 


*7—10 CM and Translational Motion 


*61. (1U) The masses of the Earth and Moon are 5.98 x 10! kg 
and 7.35 x 107? kg, respectively, and their centers are sepa- 
rated by 3.84 < 10Ÿ m. (a) Where is the CM of the Earth-Moon 
system located? (5) What can you say about the motion of 
the Earth-Moon system about the Sun, and of the Earth and 
Moon separately about the Sun? 


#62. (II) A mallet consists of a uniform cylindrical head of mass 
2.30 kg and a diameter 0.0800 m mounted on a uniform 
cylindrical handle of mass 0.500 kg and length 0.240 m, as 
shown In Fig. 7-42. If this mallet 1s tossed, spinning, Into 
the air, how far above the bottom of the handle 1s the poïnt 


that wIll follow a parabolic traJectory? 


FIGURE 7-42 
Problem 62. 


8.00 cm 


#63. (II) A 52-kg woman and a 72-kg man stand 10.0 m apart on 
nearly frictionless Ice. (z) How far from the woman 1s their CM? 
(b) If each holds one end of a rope, and the man pulls on 
the rope so that he moves 2.5 m, how far from the woman 
will he be now? (c) How far will the man have moved when 
he collides with the woman? 
(H) Suppose that in Example 7-14 (Eig. 7-28), zmị = 3m. 
(a) Where then would zmị land? (5) WhatIf mị = 3m? 
#65. (II) Two people, one of mass 85 kg and the other of mass 
55 kg, sit In a rowboat of mass 58kg. With the boat 
Initially at rest, the two people, who have been sitting at 
opposite ends of the boat, 3.0m apart from each other, 
now exchange seats. How far and in what direction wIll 
the boat move? 


*64. 


*66. (II) A huge balloon and is gondola, of mass M, are in the 
air and stationary with respect to the pround. A passenger, 
of mass 7, then climbs out and slides down a rope with 
speed ø, measured with respect to the balloon. With what 
speed and direction (relative to Earth) does the balloon 


then move? What happens If the passenger stops? 


 General Problems 


67. 'TWO astronauts, one of mass 5Š kg and the other 85 kg, are 
1nitially at rest together in outer space. They then push each 
other apart. How far apart are they when the liphter astronaut 
has moved 12 m? 

'Two asteroids strike head-on: before the collision, asteroid A 
(mạ = 7.5 x 101kg) has velocity 3.3 km/s and asteroid B 
(mg = 1.45 x 101 kg) has velocity 1.4 km/s in the opposite 
direction. If the asteroids stick together, what 1s the veloc- 
1y (magnitude and direction) of the new asteroid after the 
collision? 

A ball is dropped from a height of 1.60 m and rebounds to a 
heipght of 1.20 m. Approximately how many rebounds wIill 
the ball make before losing 90% of 1ts energy? 

A 4800-kg open railroad car coasts at a constant speed of 
7.60 m/s on a level track. Snow begins to fall vertically and fills 
the car at a rate of 3.80 kg/min. Ignoring friction with the 
tracks, what is the cars speed after 60.0 min? (See Section 7-2.) 


68 


69 
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71. Two bumper cars in an amusement park ride collide elas- 
tically as one approaches the other directly from the rear 
(Eig. 7-43). Car A has a mass of 435 kg and car B 495 kg, 
owing to differences In passenger mass. IÝ car A approaches 
at 4.50m/s and car B is moving at 3.70m/s, calculate 
(a) their velocities after the collision, and (b) the change 
1n momentum of each. 

HẠ = Ứng = 
435 kg 495 kg 


aễ——— nề — 


ĐA = ÐĐ 
(a) 4.50m/s 3.70 m/s 


s& — >> nằ— 


(b) ĐA Đbp 


FIGURE 7-43 Problem 71: 
(a) before collision, (b) after collision. 
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General Problems 


72. 


73. 


74. 


To 


76. 


Ju 


FIGURE 7-45 Problem 77. 


ỳ 


la 


A gun fires a bullet vertically into a 1.40-kg block of 
woOd at rest on a thin hor1zontal 1.40 kg 

sheet, Fig. 7-44. If the bullet : 

has a mass of 25.0 ø and a speed === 

of 230 m/s, how hiph will the 

block rise Into the air after A»= 230 m/s 


the bullet beeomes embedded | 


1n1t2 
FIGURE 7-44 Í 
Problem 72. 
You have been hired as an expert wifness In a court case 


1nvolving an automobile accident. The accident involved 
car A of mass 1500 kg which crashed Into stationary car B 
of mass 1100 kg. The driver of car A applied his brakes 
15 m before he skidded and crashed Into car B. After the 
collision, car A slid 18 m while car B slid 30 m. The coeffi- 
clent of kinetic friction between the locked wheels and the 
road was measured to be 0.60. Show that the driver of car A 
was exceeding the 55-mi/h (90-km/h) speed limit before 
applying the brakes. 


A meteor whose mass was about 1.5 x 10kg struck the 
Earth (mpg = 6.0 x 107kg) with a speed of about 25 km/s 
and came to rest in the Earth. (z) What was the Earth”s 
recoil speed (relative to Earth at rest before the collision)? 
(b) What fraction of the meteor”s kinetic energy Was trans- 
formed to kinetic enerey of the Earth? (c) By how much did 
the Earth”s kinetic energy change as a result of this collision? 


A 28-g bullet strikes and becomes embedded ïn a 1.35-kg 
block of wood placed on a horizontal surface Just in front 
of the gun. If the coefficient of kinetic friction between the 
block and the surface ¡s 0.28, and the Iimpact drives the 
block a distance of 8.5 m before 1t comes to rest, what was 
the muzzle speed of the bullet? 


You are the design engIneer In charge of the crashworthiness 
of new automobile models. Cars are tested by smashing them 
into fixed, massive barriers at 45 km/h. A new model of mass 
1500 kg takes 0.15 s from the time of impact until it is broupht 
to rest. (z) Calculate the average force exerted on the car by 
the barrier. (b) Calculate the average deceleration of the car 
1n @'s. 

A 0.25-kg skeet (clay target) 1s fired at an angle of 28° to 
the horizontal with a speed of 25 m/s (Fig. 7-45). When it 
reaches the maximum height, h, it 1s hit from below by a 
15-g pellet traveling vertically upward at a speed of 230 m/s. 
The pellet is embedded ïn the skeet. (z) How much higher, J/, 
does the skeet go up? (b5) How much extra distance, Ax, does 
the skeet travel because of the collision? 


—~ 


78 


79, 


. Two balls, of masses A = 45g and 7p = 65, are sus- 
pended as shown In Fig. 7-46. The liphter ball is pulled away 
to a 66° angle with the vertical and released. (z) What Is 
the velocity of the lighter ball before impact? (b) What is 
the velocity of each ball after the elastic collision? (c) What 
will be the maxinum 
heipht of each ball after 
the elastic collision? 


35cm 


FIGURE 7—46 
Problem 78. 


. A block of mass 7 = 2.50kg slides down a 30.0” incline 
which 1s 3.60 m high. At the bottom, it strikes a block of 
mass Ä⁄ = 7.00 kg which 1s at rest on a hor1zontal surface, 
Fig. 7-47. (Assume a smooth transition at the bottom of the 
1ncline.) H the collision 1s elastic, and friction can be Ignored, 
determine (4) the speeds of the two blocks after the collision, 
and (b) how far back up the incline the smaller mass wIl] øo. 


<<“. 
FIGURE7-47 “9P : "mm 
Problem 79. 30.0 r 
80. The space shuttle launches an 850-kg satellite by ejecting 1t 


81 


82 


——=~*“T~~~ 


from the cargo bay. The eJection mechanism 1s activated 
and Is in contact with the satellite for 4.8 s to g1ve 1t a velocity 
of0.30 m/s in the x đirection relative to the shuttle. The mass 
of the shuttle is 92,000 kg. (a) Determine the component of 
velocity œ of the shuttle in the minus x đirection resulting 
from the ejection. (5) Find the average force that the 
shuttle exerts on the satellite during the eJjection. 

‹ _Astronomers estimate that a 2.0-km-diameter asteroid collides 
with the Earth once every million years. The collision could 
pOose a threat to life on Earth. (z) Assume a spherical asteroid 
has a mass of 3200 kg for each cubic meter of volume and 
moves toward the Earth at 15 km/s. How much destructive 
energy could be released when 1t embeds ifself1n the Earth? 
(b) For comparison, a nuclear bomb could release about 
4.0 x 10!9J. How many such bombs would have to explode 
simultaneously to release the destructive energy of the 
asteroid collision with the Earth? 

. An astronaut of mass 210 kg including his suit and Jet pack 
wanfs to acquire a velocity of 2.0 m/s to move back toward 
his space shut(le. Assuming the Jet pack can eject gas with a 
velocity of 35 m/s, what mass of gas will need to be ejected? 


~ 


Skeet _„Z Í la 
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83. 


84. 


Two blocks of mass #4 and 7p, resting on a frictionless 
table, are connected by a stretched spring and then released 
(Eig. 7-48). (a) Is there a net external force on the system 
before release? (b) Determine the ratio of their speeds, 0A /0p.. 
(c) What is the ratio of their kinetic energies? (đ) Describe 
the motion of the CM Of this system. [gnore mass Of spring. 


M Yp 


FIGURE 7-48 Problem 83. 


A golf ball rolls off the top of a flight of concrete steps of 
total vertical height 4.00 m. The ball hits four times on the 
way down, each time striking the horizontal part of a differ- 
ent step 1.00 m lower. TỶ all collisions are perfectly elastic, 
what 1s the bounce height on the fourth bounce when the 
ball reaches the bottom of the staIrs? 


Search and Learn 


1. 


` 


Consider the Examples in this Chapter Involving 
SE¿u= AB/A(. Provide some general guidelines as to 
when it is best to solve the problem using SE,.,= 0 so 
3ÿ¡ = Yÿ¡. and when to use the principle of impulse 
instead so that SE, Af = AP. 


. A 6.0-kg object moving in the +x direction at 6.5m/s 


collides head-on with an 8.0-kg objec(t moving In the 
—x direction at 4.0 m/s. Determine the final velocity of each 
object If: (2) the objects stick together; (b) the collision is 
elastic; (c) the 6.0-kg object is at rest after the collision; 
(đ) the 8.0-kg oblject is at rest after the collision; (e) the 
6.0-kg object has a velocity of 4.0 m/s in the —x direction 
after the collision. Finally, (ƒ) are the results in (c), (đ), and (e) 
“reasonable”? Explain. 

In a physics lab, a cube slides down a frictionless incline as 
shown In Eig. 7—50 and elas- 
tically strikes another cube 
at the bottom that is only 
one-half is mass. If the 
1ncline 1s 35 cm high and the 
table 1s 95 em off the floor, 
where does each cube land? 
[Himr: Both leave the incline 
moving horizontally.] 


FIGURE 7—50 
Search and Learn 3. 


ANSWERS TO EXERCISES 


A: Yes, 1ƒ the sporfs car”s speed 1s three times greafter. 
B: Larger (Ap 1s preater). 

C: (2) 6.0 m/s; (b) almost zero; (c) almost 24.0 m/s. 
D: 0.50 m/s. 


85. 


*86. 


4. 


A massless spring with spring constant k 1s placed between 
a block of mass # and a block of mass 3. Initially the 
blocks are at rest on a frictionless surface and they are held 
together so that the spring between them 1s compressed by 
an amount D from Its equilibrium length. The blocks are 
then released and the spring pushes them of in opposite 
directions. Eind the speeds of the two blocks when they 
detach from the spring. 

A novice pool player 1s faced with the corner pocket shot 
shown In Eig. 7-49. Relative dimensions are also shown. 
Should the player worry that this mipht be a “scratch shot,” 
1n which the cue ball will lu 4.0 ` 
also fall Into a pocket? 
Give detalls. Assume 
equal-mass balls and an 
elastic collision. [øenore spim. 


1.0 


FIGURE 7-49 
Problem 66. 


©Cue ball 


The gravifational slingshot effect. Figure 7-51 shows the 
planet Saturn moving ¡in the negative x direction at 1ts 
orbital speed (with respect to the Sun) of 9.6 km/s. The 
mass of Saturn is 5.69 x 102kg. A spacecraft with mass 
825 kg approaches Saturn. When far from Safturn, It moves 
in the +x direction at 10.4km/s. The gravitational attrac- 
tion of Saturn (a conservafive force) acting on the spacecraft 
causes 1t to swing around the planet (orbit shown as dashed 
line) and head off in the opposite direction. Estimate the 
linal speed of the spacecraft after it 1s far enough away to 
be considered free of Saturn”s gravitational pull. 


* 0p = 10.4 km/s 


LG 
— 
& ) 
__ “⁄ 
ĐSat„rn= —9.6 km/s 
~.—=- -=—==—=-="”” FIGURE 7-51 
Uẹn=? Search and Learn 4. 


¬ 


mem 


Take the general case of an object oŸ mass /A and 
velocity A elastically striking a stationary (g = 0) object 
of mass 7p head-on. (z) Show that the final velocities A, 
and øgp are given by 


„_— | HA — !Ứg 
ĐA — | 1x JĐA›: 
HA + Tp 


ÿ 2maA 
pB — ——= an se. JUẤU: 
1A # !pb 


(b) What happens in the extreme case when za ¡is much 
smaller than zmp;? Cite a common example of this. (c) WRhat 
happens in the extreme case when 7a 1s much larger than 
mp? Cite a common example of this. (đ) What happens in 
the case when 7A = s? Cite a common example. 


: (b); (đ). 


The curve would be wider and less high. 


: Xem = —2.0m; yes. 
: The boat moves In the opposite direction. 
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You foo can experlence rapid 
rotaflon—If your stomach can 
take the high angular velocity 
and centripetal acceleration of 
some of the faster amusement 
park rides. If not, try the slower 
merry-go-round or Ferris 
wheel. Rotating carnival rides 
have rotational kinetic energy 
as well as angular momentum. 
Angular acceleration 1s 
produced by a net torque, and 
rofating obJects have rotational 
kinetic energy. 


Ñ k 
2/4 he 
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Rotational Motion 


CHAPTER-OPENING QUESTION—-Guess now! 


A solid ball and a solid cylinder roll down a ramp. They both start from rest at the 
same time and place. Which gets to the bottom first? 


CONTENTS 


8-1 Angular Quantitles 
8§-2_ Constant Angular Acceleration 


(a) They get there at the same time. 


8-3 Rolling Motion - s. : 
(Without Slipping) (b)  They get there at almost exactly the same time except for frictional differences. 
8-4 Torque (c) The ball gets there first. 
8-5_ Rotational Dynamics; (đ) The cylinder gets there first. 
Torque and Rotational Inertia (e) Can't tell without knowing the mass and radius of each. 
8-6 Solving Problems In 
Rofational D | : § : . . 
. 1v Bo Blekiief níil now, we have been concerned mainly with translational motion. We 
5 sở discussed the kinematics and dynamics of translational motion (the role 
8-8 Angular Momentum and ft Xữẽzlas-di tịch đ t tot lau ] 
¡AI WERI L2 DEN Ä*© OFC€). e also discussed the energy and momentum for translationa 
: motion. In this Chapter we will deal with rotational motion. We will discuss the 
8-9 Vector Nature of 
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Angular Quantities 


kinematics of rotational motion and then ifs dynamics (involving torque), as well 
as rotational kinetic energy and angular momentum (the rotational analog of 
linear momentum). Our understanding of the world around us will be Increased 
sipmifcantly——from rotating bicycle wheels and compact discs to amusement park 
rides, a spinning skater, the rotating Earth, and a centrifuge——and there may be a 
feW SUTPTIS€S. 

We will consider mainly the rotation of rigid objects about a fixed axIs. 
A rigid object is an obJect with a definite shape that doesn't change, so that the 
particles composing 1t stay In fixed positlons relafive to one another. Any real 
object 1s capable of vibrating or deforming when a force 1s exerted on 1t. But these 
effects are often very small, so the concept of an ideal rigid object 1s very useful as 
a good approximation. 


6Š—l Angular Quantities 


The motion of a rigid obJect can be analyzed as the translatilonal motion of the 
objecfs center of mass, plus rotational motion aøuí 1ts center of mass (Section 7—8). 
We have already discussed translational motion In detail, so now we focus on 
purely rotational motion. By purely rotational mofion we mean that alÏ points In 
the obJect move 1n circles, such as the poInt P In the rotating wheel of Fig. 8—1, 
and that the centers of these circles all lie on one line called the axis of rofafion. 
In Eig. 8—1 the axIs of rofation 1s perpendicular to the page and passes through 
point O. 

Every point in an obJect rotating about a fixed axIs moves 1n a circle (shown 
dashed m Fig. 8—1 for point P) whose center 1s on the axis of rotation and whose 
radius 1s z, the distance of that point from the axis OŸ rotation. A straipht line 
drawn from the axIs to any point in the object sweeps out the same angle Ø in the 
same time interval. 

To Indicate the angular posifion of a rotating object, or how far 1t has rotated, 
we specIfy the angle Ø of some particular line in the obJject (red in EFig. 8—1) with 
respect to a reference line, such as the x axis In Fig. 8—1. A point 1n the oblect, 
such as Pin Eig. S—-1, moves through an angle Ø when it travels the distance 
measured along the circumference of Its circular path. Angles are commonly 
measured In degrees, but the mathematics of circular motion 1s much simpler 1Ÿ 
we use the rađ/an for angular measure. One radian (abbreviated rad) ¡is defined 
as the angle subtended by an arc whose length 1s equal to the radIus. For 
example, in Fig. S—1b, point P 1s a distance r from the axIs Of rotation, and 1t has 
moved a distance # along the are of a circle. The arc length £ is said to “subtend” 
the angle Ø. In radians, any angle Ø 1s given by 


0 =—: [Øinradians| (8-la) 


where r Is the radius of the circle, and É is the arc length subtended by the angle 9 
specified In radians. If É = r, then Ø = 1rad. 

The radian 1s dimensionless since 1t 1s the ratio of two lengths. Nonetheless 
when giving an angle In radians, we always mention rad to remind us 1f 1S not 
degprees. It is often useful to rewrite Eq. 8—1a In terms of arc leneth Ê: 


‡ = r0. (8-1b) 


Radians can be related to degrees In the following way. In a complete circle there 
are 360°, which musf correspond to an arc length equal to the circumference of the 
circle,  = 2zrr. For a full circle, Ø = f/r = 2r/r = 27 rad. Thus 


36ó0° = 27rrad. 


One radian is then 360°/2zr + 360°/6.28 + 57.3°. An object that makes one 
complete revolution (rev) has rotated through 360°, or 2zr radians: 


lrev = 360° = 2zrad. 


EXAMPLE 8-1 | Bike wheel. A bike wheel rotates 4.50 revolutions. How many 
radians has it rotated? 


APPROACH All we need is a conversion of unifs using 
1revoluton = 360? = 2zrad = 6.28rad. 
SOLUTION 


d 
4.50 revolutlons = (4.50 rev)(2z mm) = 900zrrad = 28.3rad. 


FIGURE 8-1 Looking at a wheel 
that is rotating counterclockwise 
about an axis through the wheel*s 
center at Ô (axis perpendicular to 
the page). Each point, such as 
poInt P, moves in a circular path; 
£¡s the distance P travels as the 
wheel rotates through the angle 0. 


$*CAUTION 


Use radians in 
calculating, not degrees 
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Chord 


Arc length 


(b) 


FIGURE 8-2 (a) Example 8—2. 
(b) For small angles, arc length and 
the chord length (straight line) are 
nearly equal. 


FIGURE 8-3 A wheel rotates 
about 1s axle from (a) Initial 
position Ø to (b) final position Ø;. 
The angular displacement is 

A0 = 0; ~— 0). 


Birds of prey—in radians. A particular bird”s eye can just 
distinguish objects that subtend an angle no smaller than about 3 x 10'rad. 
(z) How many degrees 1s this? (b) How small an object can the bird Just distin- 
guish when flying at a height of 100 m (Eig. 8—2a)? 


APPROACH For (2) we use the relation 360” = 27 rad. For (b) we use Eq. 8—1b, 
£ = r0, to fnd the arc length. 


SOLUTION (2) We convert 3 x 10”'“rad to degrees: 


IS 


360 
-4 
(3 x 10 ` tia 


(b) We use Eq. 8-1b, É = r0. For small angles, the arc lenpth £ and the chord 
length are approximatelyÌ the same (Fig. 8-2b). Since r= 100m and 
Ø =3 x10 'rad, we find 


£ = r9 = (100m)(3 x 10 “rad) = 3 x 10”m = 3cm. 


= 0.017. 


A bïrd can distinguish a small mouse (about 3 cm long) from a height of 100 m. 
That 1s good eyesipht. 


NOTE Had the angle been given in degrees, we would first have had to convert 
1t to radians to make this calculation. Equations 8—1 are valid only 1Ÿ the angle 1s 
specified in radians. Degrees (or revolutions) wont work. 


To describe rotational motion, we make use of angular quantifles, such as 
angular velocity and angular acceleration. These are defined in analogy to the 
corresponding quantifies In linear motion, and are chosen to describe the rofat- 
ing object as a whole, so they are the same for each point in the rotating obJect. 
Each point m a rotating obJect may also have translational velocity and acceleration, 
but they have different values for different points in the obJect. 

When an obJect such as the bicycle wheel in Eig. 8-3 rotates from some 
1nitial position, specified by Ø;, to some final position, Ø;, 1ts angular displacement 
1S 

A0 = 0;— 0y. 


The angular 0elociiy (denoted by œ, the Greek lowercase letter omega) 1s 
defined in analogy with linear (translational) velocity that was discussed in 
Chapter 2. Instead of linear displacement, we use the angular displacement. Thus 
the average angular velocity of an obJect rotating about a fixed axis 1s defined as 

A0 


ma . —2, 
@ n. (8§-2a) 


where A0 is the angle through which the object has rofated In the time Interval Aí. 
The instanfaneous angular velocity 1s the limit of this ratio as Aƒ approaches zero: 


TH hp 
Angular velocity 1s generally specified in radians per second (rad/s). Note that a”! 
poimis im a rigid object rotate tuith the same angular 0elocify, since every position 
1n the objJect moves through the same angle in the same time Interval. 

An object such as the wheel in Eig. 8—3 can rotate about a fixed axis either 
clockwise or counterclockwise. The direction can be specified with a + or — sign. 
The usual convention 1s to choose the angular displacement À9 and angular velocity œ 
as positive when the wheel rotates counterclockwise. If the rotation 1s clockwise, 
then Ø would decrease, so AØ and œ would be negative. 


TEven for an angle as large as 15°, the error in making this estimate is only 1%, but for larger angles 
the error increases rapidly. (The chord is the straight-line distance between the ends of the arc.) 
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Angular acceleration (denoted by ơ, the Greek lowercase letter alpha), in analogy 
to linear acceleration, 1s defined as the change In angular velocity divided by the 
time required to make this change. The average angular accelerafion 1s defined as 


@¿ — @Ị A@ 
oWœ —= $ 


Af Af 
where ø¡ 1s the angular velocity imtially, and ø; 1s the angular velocity after a 
time Interval Aí. Instantaneous angular accelerafion is defined as the limit of this 
ratlo as Af approaches zero: 


(8-3a) 


lị A@ 
Ars0 Af 
Since ø 1s the same for all points of a rotating obJect, Eq. 8—3 tells us that œ also 
will be the same for all points. Thus, œ and ø are properties of the rotating oblect 
as a whole. With œ measured 1n radians per second and í in seconds, œ has unIfs 
Of radians per second squared (rad/s?). 

Each point or particle of a rotating object has, at any moment, a linear velOcIty 
and a linear acceleration a. We can now relate the linear quantities at each pomt, 
ò and a, to the angular quantities, œ and œ, for a rigid obJect rotating about a 
fixed axIs. Consider a point P located a distance r from the axis Of rotafion, as in 
Fig. 8—4. If the obJect rotates with angular velocity œ, any point wIll have a linear 
velocity whose đirection 1s tangent to 1s circular path. The magnitude of that 
points linear velocity is ø = Af/Ar. From Eq. 8-1b, a change ¡in rotation 
angle A0 (n radian§) 1s related to the linear distance traveled by Af = r A0. Hence 


(8-3b) 


œ = 


_ A£ A0 
"` Ar “At 
or (since A60/Af = ø) 
Đ = ra. (8~4) 


In this very useful Eq. 8-4, r 1s the distance of a point from the rofatlon axIs 
and ø 1s gø1ven 1n rad/s. Thus, although ø 1s the same for every point In the rotating 
object at any instant, the linear velocity œ 1s greater for points farther from the 
axIs (Fig. 8-5). Note that Eq. 8-4 is valid both Instantaneously and on averapge. 


ls the lion faster than the horse? On a 


CONCEPTUAL EXAMPLE 8-3 


rotafing carousel or merry-go-round, one child sits on a horse near the oufer 
edge and another child sits on a lion halfway out from the center. (z) Which child 
has the preater linear velocity? (b) Which child has the greater angular velocity? 


RESPONSE (a) The /mear velocity 1s the distance traveled divided by the time 
1nferval. In one rotation the child on the outer edge travels a longer distance 
than the child near the center, but the time interval is the same for both. Thus the 
child at the outer edge, on the horse, has the greater linear velocIty. 

(b) The angular velocity 1s the angle of rotation of the carousel as a whole divided 
by the time Interval. For example, In one rotation both children rotate through the 
same angle (360” or 2zr radians). The two children have the same angular velocity. 


TỶ the angular velocity of a rotating obJect changes, the obJect as a whole—— 
and each poïnt 1n 1t —has an angular acceleration. Each point also has a linear 
acceleration whose đirection 1s tangent to that poinfs circular path. We use 
Eq. 8-4 (0 = rœ) to see that the angular acceleratlon œ is related to the tan- 
genfial linear acceleration đan OŸ a point 1n the rotating ob]Ject by 


— ÂU — Âm 
đạn — At — i 
or (using Eq. 8-3) 
đạn = ƑŒ. (8-5) 


In this equation, 7 1s the radius of the circle in which the particle 1s moving, and 
the subscrIpt “tan” 1n đ¿ạ stands for “tangential.” 


SECTION 8-1 


FIGURE 8-4 A point P on a 
rofating wheel has a linear 
velocIty Ÿ at any moment. 


FIGURE 8-5 A wheel rotating 
uniformly counterclockwise. 'ÏWo 
poiInfs on the wheel, at đistances 7a, 
and rạp from the center, have the 
same angular velocity œ because 
they travel through the same angle 0 
1n the same time interval. But the 
two poinfs have different linear 
velocities because they travel 
different distances in the same time 
Iinterval. Since  = rœ and 

rp > rA, then 0g > ĐA. 
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FIGURE 8-6 On a rotating wheel 
whose angular speed 1s increasing, 
a point P has both tangential and 
radial (centripetal) components of 
linear acceleration. (See also 
Chapter 5.) 


FIGURE 8-7 Examples S—4 and 8-5. 
The total acceleration vectOr 1s 
d= đtan kn đR., at f = 8.05. 


E=+ 
ID 


The total linear acceleration oŸ a point in the rotating object 1s the vector sum 

OŸ two compOonen(s: 
ä = đtan + äR› 

where the radial component, äạ, 1s the radial or “centripetal” acceleration and 
1s đirection 1s toward the center of the point”s circular path; see Fig. 8—6. We saw 
in Chapter 5 (Eq. 5-1) that a particle moving in a circle of radius r with linear 
speed 0 has a radial acceleration øạ =  ”/r. We can rewrite this in terms of œ 
using Eq. 8-4: 


ĐŸ (ro) 
BS SN ng CS NHI (8-6) 
Thus the centripetal acceleration 1s greater the farther you are from the axIs of 
rofation: the children farthest out on a carousel feel the greatest acceleration. 

Equations 8—1, 8—4, 8—5, and 8—6 relate the angular quantities describing the 
rofation of an obJect to the linear quantifies for each point of a rotating obJect. 
Table S8—1 summarizes these relationships. 


TABLE 8-1 Linear and Rotational Quantities 


Linear Type Rofational Relation? 
# displacement 60 x=ro0 
Đ velocity @ ÐĐ = ró@ 
đtạn acceleration ơ đtạn = rœ 


# You must use radians. 


Angular and linear velocities. A carousel is initially at rest. 
At £= 0 ifis given a constant angular acceleration œ = 0.060rad/s”, which 
Increases its angular velocity for 8.0 s. At f = 8.0s, determine (2) the angular 
velocity of the carousel, and (b5) the linear velocity of a child (Fig. 8—7a) located 
2.5 m from the center, point Pin Eig. 8—7b. 


APPROACH The angular acceleration œ is consfant, so we can use œ = Aø/Af 
(Eq. 8—3a) to solve for øœ after a time f = 8.0s. With this ø, we determine the 
linear velocity using Eq. 8-4, ø = ro. 
SOLUTION (z) In Eq. 8-3a, ø = (œ; — œ¡)/Af, we put A7 = 80s, œ= 
0.060 rad/s”, and ø; = 0. Solving for œ;, we get 

@› = œ¡ + œA£ = 0+ (0.060rad/s”)(80s) = 0.48rad/s. 
Durinng the 6.0-s time Interval, the carousel accelerates from œ¡; = 0 to 
œ› = 0.48rad/s. 
(b) The linear velocity of the child with r = 2.5m at time / = 8.0s is found 
using Eq. 8-4: 

 = ra = (25m)(0.48rad/s) = 1.2m/s. 
Note that the “rad” has been omitted in the final result because 1t 1s dimensionless 
(and only a reminder)——ït 1s a ratio of two distances, Eq. 8—1a. 


EXAMPLE 8-5 | Angular and linear accelerations. For the chid on the 
rotating carousel of Example 8-4, determine that child”s (2z) tangential (linear) 
acceleration, (b) centripetal acceleration, (c) total acceleration. 


APPROACH We use the relations discussed above, Eqs. 8-5 and §~6. 
SOLUTION (z) The child's tangential acceleration 1s given by Eq. 8—5: 
đạn = rư = (2.5m)(0.060rad/s?) = 0.15m/sỈ, 
and 1t 1s the same throughout the 8.0-s acceleration period. 
(b) The child”s centripetal acceleration at  = 8.0s is given by Eq. 8~6: 
D6 (1.2m/s)? 
MR '#£”' Ø šm) 


=_ 0.58m/S”. 
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(c) The two components of linear acceleration calculated in parts (2) and (5) are 
perpendicular to each other. Thus the total linear acceleration at / = 8.0s has 
magnitude 


d = N/dền + đà = V{(015m/s} + (0.58m/s?“ = 0.60 m/5”. 


NOTE The linear acceleration at this chosen Instant is mostly centripetal, and 
keeps the child moving 1n a circle with the carousel. The tangential component 
that speeds up the circular motion 1s smaller. 

NOTE The direction of the linear acceleration (magnitude calculated above as 
0.60 m/s”) is at the angle 9 shown in Fig. 8—7b: 


0.15 ? 
0 = tan ( Sen) = An (0) = 0.25rad, 
đn 0.58 m/s 


We can relate the angular velocity œ to the frequency of rotation, ƒ. The 
frequeney is the number of complete revolutions (rev) per second, as we saw in 
Chapter 5. One revolution (of a wheel, say) corresponds to an angle of 2zr radians, 
and thus 1rev/s = 2z rad/s. Hence, in general, the frequency ƒis related to the 
angular velocIty œ by 


@ 
ƒ ~ 2z 

OT 
œ = 27ƒ. (8-7) 


The unit for frequency, revolutions per second (rev/s), is given the special name 
the hertz (Hz). That 1s, 


1Hz = lrev/s. 


Note that “revolution” is not really a unit, so we can also write 1 Hz = 1s Ì. 
The time required for one complete revolution 1s called the period 7, and 1t 
1s relafed to the frequency by 


1 

Đ (8-8) 
J 

lf a particle rofates at a frequency of three revolutions per second, then the 
period of each revolution is 3s. 


EXERCISE A In Example 8-4 we found that the carousel, after 8.0s, rotates at an 
angular velocity œ = 0.48rad/s, and continues to do so after ƒ = 8.0s because the 
acceleration ceased. What are the frequency and period of the carousel when rotating 
at this constant angular velocity œ = 0.48 rad/s? 


Š=2_ Constant Angular Acceleration 


In Chapter 2, we derived the useful kinematic equations (Eqs. 2—11) that relate 
acceleration, velocity, distance, and time for the special case of uniform linear 
acceleration. Those equatlons were derived from the deflintions of linear 
velocity and acceleration, assuming constant acceleration. The defimtions of 
angular velocity and angular acceleration (Eqs. 8-2 and 8-3) are Just like those 
for their linear counfterparts, except that Ø replaces the linear displacement x, 
œ Teplaces œ, and œ replaces a. Therefore, the angular equatlons for 
consfanf angular accelerafion will be analogous to Edqs. 2-11 with x replaced 
by 0, ø by øœ, and ø by ø, and they can be derived im exactly the same way. 
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Kinemafic equaHons 
or constant 
angular acceleration 


[xo = 0, Øạ = 0] 


đÒpnvysics APPLIED 
Centrifuge 


We summar1ze these angular equations here, opposite their linear equivalents, 
Edqs. 2-11 (for simplicity we choose Øạ = 0 and xạ = 0 at the inital time íạ = 0): 


Angular Linear 
@ = œạ + œÍ  = tạ + af [constant œ,a] (8-9a) 
8 = øạf + ;af? x = Đạt + ;af [constant œ,z] (8-9b) 
œ? = œạ + 28 U? = tệ + 2ax [constantø,z] (8-9c) 
— — @ + -_ _ Đ†0 
PB mẽ. „=ĩ [constant œ,ø] (8-9d) 


Note that øạ represents the angular velocity at íạ = 0, whereas Ø and ø represenf 
the angular position and velocity, respectively, at time í. Since the angular accel- 
erafion 1s consfant, œ = ơ. 


Centrifuge acceleration. A centrifuse rotor is accelerated 
for 30 s from rest to 20,000 rpm (revolutions per minute). (2) What Is Its averaøe 
angular acceleration? (b) Through how many revolutions has the centrifuge rotor 
turned during 1s acceleration period, assuming constant angular acceleration? 


APPROACH To determine œ = Aø/Arf, we need the initial and final angular 
velocities. For (b), we use Eqs. 8—9 (recall that one revolution corresponds to 
0 = 2ï rad). 

SOLUTION (a) The mitial angular velocity 1s œạ = 0. The ñnal angular velocIty 1s 
(20,000 rev/min) 
(60 s/min) 

Then, since œ = Aø/Af and Af = 30s, we have 
œ — @ạ — 2100rad/s — 0 
Af 30s 

That ïs, every second the rotor's angular velocity increases by 70 rad/s, or by 
(70 rad/s)(1 rev/27r rad) = 11 revolutions per second. 
(b) To find Ø we could use either Eq. 8—9b or 8—9c (or both to check our answer). 
The former Ø1ves 

0 = øạt +3af? = 0+ 2(70rad/s2)(30s” = 3.15 x 101rad, 
where we have kept an extra digit because this 1s an Intermediate result. To find 
the total number of revolutions, we divide by 2zr rad/rev and obtain 

315 X 10 iad 

27r rad/rev 
NOTE Let us calculate Ø using Eq. 8—9c: 
2 — 2100 rad/s)“ — 0 
Âm. CS —” — 315 x10%rad 
2œ 2(70 rad/s°) 


which checks our answer above from Eq. 8-9b perfectly. 


œ = 27mƒ = (2mrad/Tev) =_ 2100rad/s. 


=_70rad/S. 


œ = 


= 5.0 10°rev. 


S-3 Rolling Motion (Without Slipping) 


The rolling motion of a ball or wheel 1s familiar in everyday hife: a ball rolling 
across the floor, or the wheels and tires of a car or bicycle rolling along the pave- 
ment. Rolling ›0houí slipping depends on static friction between the rolling obJect 
and the ground. The friction 1s static because the rolling obJect”s point of contact 
with the ground 1s at rest at each momernt. 

Rolling without slipping 1nvolves both rotation and translation. There 1s a smple 
relation between the linear speed ø of the axle and the angular velocity œ of the 
rofating wheel or sphere: namely, ø = rœ (where r ¡is the radius) as we now show. 
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Figure 8-6a shows a wheel rolling to the right without slipping. At the Iinstant 
shown, point P on the wheel 1s in contact with the ground and 1s momentarily 
at rest. (IÝP was not at rest, the wheel would be slipping.) The velocity of the axle 
at the wheels center C 1s Y. In Fig. S=8b we have put ourselves In the reference 
frame of the wheel——that 1s, we are moving to the right with velocity Ý relative to 
the ground. In this reference frame the axle C 1s at rest, whereas the ground and 
pornt P are moving to the left with velocity —V as shown. In Fig. 8—-8b we are 
seeing pure roftation. So we can use Eq. 8-4 to obtain  = rœ, where r 1s the 
radius of the wheel. This 1s the same 0 as in Eig. 8—8a, so we see that the linear 
speed % of the axle relative to the ground 1s related to the angular velocIty œ oŸ the 
wheel by 
U = To. [rolling without slipping] 

Thịs relationship 1s valid only 1f there 1s no slipping. 


Bicycle. A bicycle slows down uniformly from œạ = 8.40 m/s 
to rest over a distance of 115m, Fig. 8-9. Each wheel and tire has an overall 
diameter of 68.0 em. Determine (ø) the angular velocity of the wheels at the 
inital mstant (f = 0); (b) the total number of revolutions each wheel rotafes 
before coming to resf; (c) the angular acceleration of the wheel; and (2) the time 
1 took to come fo a stOp. 


APPROACH We assume the bicycle wheels roll without slipping and the tire 1s 
1n firm contact with the ground. The speed of the bike » and the angular velocity 
of the wheels œ are related by ø = rœ. The bike slows down uniformly, so the 
angular accelerafion 1s constant and we can use Eqs. 8-9. 


SOLUTION (ø) The imtial angular velocity of the wheel, whose radius is 34.0 cm, 1s 


?ọ 8.40 m/s 
nh sms. na 24.7 rad/s. 


(b) In coming to a stop, the bike passes over 115 m of ground. The circumference 
of the wheel 1s 2zrr, so each revolution of the wheel corresponds to a distance 
traveled of 2zr = (2z)(0.340m). Thus the number of revolutions the wheel 
makes in coming to a s†OP 1S 


115m 115m 
2mr (27)(0.340 m) 
(c) The angular acceleration of the wheel can be obtained from Eq. 6—9c, for 


which we set œ = 0 and øạ = 24.7rad/s. Because each revolution corresponds 
to 27r radians of anple, then Ø = 27r rad/rev x 53.8rev (= 338rad) and 


= 53.8rev. 


@” — @ộ 0 — (24.7rad/s) 
= = =_ -—0.902rad/S°. 
š 20 2(2m rad/rev)(53.8 rev) SP HH 2PIP 
(4) Equation 8—9a or b allows us to solve for the time. The first 1s easIer: 
= 0 — 24.7rad 
t= U= An g 
œ —0.902 rad/s7 


NOTE When the bike tire completes one revolution, the bike advances linearly 
a distance equal to the outer circumference (2zrr) of the tire, as long as there 1s 
no slipping or sliding. 


Bike as seen from the ground at £ = 0 


(a) 


(b) 
FIGURE 8-8 (a) A wheel rolling to 
the right. Its center C moves with 
velocity Y. Point P is at rest at the 
Iinstant shown. (b) The same wheel 
as seen from a reference frame In 
which the axle of the wheel C 1s at 
rest—that Is, we are moving to the 
ripht with velocity Y relative to the 
ground. Point P, which was at rest 
in (a), here in (b) is moving to the 
left with velocity —Ý as shown. 
(See also Section 3—8 on relative 
velocity.) Thus 0 = rø. 


FIGURE 8-9 Example 8—7. 
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Š—4 Torque 


W©e have so far discussed rotational kinematics—the description of rotational 

TA motion In terms of angular position, angular velocity, and angular acceleration. 

rg—*| Now we discuss the dynamics, or causes, of rotational motion. Just as we found 
nỈ Fà 


analogies between linear and rotational motion for the description of motion, so 
rofational equivalents for dynamics exist as well. 

To make an obJect start rotating about an axis clearly requires a force. But 
the direction of this force, and where It 1s applied, are also important. Take, for 


FIGURE 8-10 Top view of a door. example, an ordinary situation such as the overhead view of the door In Eig. 8—10. 
Applying the same force with Tf you apply a force E. perpendicular to the door as shown, you will find that the 
different lever arms, rA and rp.. IF øreater the magnitude, #^, the more quickly the door opens. But now iŸ you apply 
7A = 3rạ, then to create the same the same force at a point closer to the hinge—say, Eg in Eig. §-10—the door 


effect (angular acceleration), #b 


| wIll not open so quickly. The effect of the force 1s less: ?»here the force acts, as 
needs to be three times ÈA,. 


well as 1s magnitude and direction, affects how quickly the door opens. Indeed, 
1f only this one force acts, the angular acceleration of the door 1s proportional 
not only to the magnitude of the force, but is also directly proportional to 
the perpendicular distance from the axis öoƒ rotation to the line along tohich the 
ƒorce acís. This distance 1s called the leyer arm, or momenf arm, of the force, 
and 1s labeled za and r; for the two forces 1n Fig. 8—10. Thus, 1Ý rA in Fig. 8—10 
1s three times larger than rg, then the angular acceleration of the door wIll be 
three times as great, assuming that the magnitudes of the forces are the same. 
To say 1t another way, 1Í rA = 3rp;, then g must be three times as large as ỨA fO 


FIGURE 8-11 (a) A plumber can gIve the same angular acceleration. (Eigure 8—11 shows two examples of tools 
eXerf greafer torque usingawrench  whose long lever arms are very effective.) 

with a long lever arm. (b) Ä tire The angular acceleration, then, is proportional to the product of the ƒorce 
Iron too can have a long lever arm. times the leUer arm. This product 1s called the mmormmenf oƒ the ƒorce about the 


aXIS, Or, more commonly, ¡t is called the forque, and is represented by 7 (Greek 
lowercase letter tau). Thus, the angular acceleration œ of an object 1s directly 
proportional to the net applied torque 7: 


Œ œ 7T, 


and we see that 1 is torque that gives rise to angular acceleration. Thịs 1s the 
rofational analog of Newton”s second law for linear motion, 4 œ È. 

We defined the lever arm as the perpendicular distance from the axIs Of rofa- 
tion to the line of action of the force——that 1s, the distance which 1s perpendicular 
both to the axIs of rotation and to an imaginary line drawn along the direction of 
the force. We do this to take Into account the effect of forces acting at an angle. It 
is clear that a force applied at an angle, such as Ec in Fig. 8-12, will be less effec- 
tive than the same magnitude force applied perpendicular to the door, such as Ea 
(a) (b) (Eig. 8—12a). And 1f you push on the end of the door so that the force 1s directed 
at the hinge (the axis of rotation), as indicated by Ep, the door will not rotate at all. 

The lever arm for a force such as c is found by drawing a line along the 
direction of Ec (this is the “line of action” of Fe). Then we draw another line, 
perpendicular to this line of action, that goes to the axis of rotatlon and 1s 
perpendicular also to it. The length of this second line is the lever arm for Fe and 
is labeled re in Fig. 8—12b. The lever arm for Eà is the full đistance from the hinge 
to the doorknob, ra (just as in Fig. S—10). Thus rc is much smaller than ra. 


FIGURE 8-12 (a) Forces acting at 
different angles at the doorknob. (b) The # 
lever arm 1s defined as the perpendicular ` 
distance from the axis of rotation (the FC / ` #cœ 
hinge) to the line of action of the force 
(rc for the force Ểc). 
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The magnitude of the torque associated with Ec is then zc #. This short lever 
arm rc and the corresponding smaller torque associated with Ể(. are consistent 
with the observation that Ec is less effective in accelerating the door than is E, 
with 1s larger lever arm. When the lever arm 1s defined in this way, experiment 
shows that the relation œ œ 7 1s valid in general. Notice in Fig. 8—12 that the line 
of action of the force E› passes through the hinge, and hence its lever arm is zero. 
Consequently, zero torque is associated with F; and it gives rise to no angular 
acceleration, in accord with everyday experience (you can't get a door to start 
moving by pushing directly at the hinge). 

In general, then, we can wrIfe the magnitude of the torque about a øg1ven aXIs aS 


"`... (8~10a) 


where r¡ is the lever arm, and the perpendicular symbol (1) reminds us that we 
must use the distance from the axis of rotation that 1s perpendicular to the line of 
action of the force (Eig. 8—13a). 

An equivalent way of determining the torque associated with a force 1s fO 
resolve the force Into components parallel and perpendicular to the line that con- 
necfs the axis to the point of application of the force, as shown 1n Eig. S—13b. The 
component #j exerts no torque since ïf is directed at the rofation axis (is lever 
arm is zero). Hence the torque will be equal to #¡ times the distance r from the 
axis to the point ofapplication of the force: 


7 = rẺ.. (8~10b) 


This g1ves the same result as Eq. 8—10a because #¡ = ƑsinØ and r¡ = rsin6. 
Thus 


r=rFsin0 (8-10c) 


in either case. [Note that Ø is the angle between the directions of Ê and r (radial 
line from the axis to the point where F acts).] We can use any of Eqs. 8-10 to 
calculate the torque, whichever 1s easiesf. 

Because torque 1s a đistance times a force, 1t is measured in unifs ofm-N in 
SI units,” cm -dyne in the cgs system, and ft-Ib in the English system. 


Biceps torque. The biceps muscle exerts a vertical force on 
the lower arm, bent as shown 1n FEigs. 8—14a and b. For each case, calculate the 
torque about the axis of rotation through the elbow Joint, assuming the muscle 
1s attached 5.0 em from the elbow as shown. 


APPROACH The force 1s given, and the lever arm In (2) 1s given. In (b) we have 
to take Into account the angle to get the lever arm. 


SOLUTION (ø) # = 700N and r;, = 0.050m, so 
7 = r.F = (0050m)(700N) = 35m-N. 


(b) Because the arm 1s at an angle below the hor1zontal, the lever arm 1s shorter 
(Eig. S8-14c) than m part (2): r¡ = (0.050 m)(sin 609), where Ø = 607 is the 
angple between F and z. 1s still 700, so 


z = (0.050m)(0.866)(700N) = 30m-N. 


The arm can exert less torque at this angle than when 1t 1s at 90°. Weight machines 
at gyms are often designed to take this variation with angle Into account. 


NOTE In (5), we could instead have used 7 = rƑ¡. As shown in Eig. 8—14d, 
F¡ = Fsin60°. Then 7 = rF¡ = rFsin0 = (0.050 m)(700N)(0.866) gives the 
same result. 


Note that the units for torque are the same as those for energy. We write the unit for torque here as 
m-N (n S]) to distinguish it from enersy (N-m) because the two quantities are very different. The 
special name jøule (1J = 1N-m) is used only for energy (and for worK), zever for torque. 


Point of 
AxXisof ~ application 
rofation *NG Of force 
r › 
L ` sẽ 
F / 
s r „ 
(a) 


(@) 
FIGURE 8-13 Torque = r¡Ƒ = rử.. 


FIGURE 8-14 Example 6-8. 
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Immma EXERCISEB Two forces (Ƒs = 20N and #2 = 30N) are applied to a meter stick which 
'Ävfs {: Ta Sử can rotate about its left end, Eig. 8-15. Force Ê; is applied perpendicularly at the mid- 
B = point. Which force exerts the greater torque: #4, p, or both the same? 


FIGURE 8-15 Exercise B. . : : 
'When more than one torque acts on an obJect, the angular acceleratlon ø 1s 


found to be proportional to the 7e torque. TỶ all the torques acting on an obJect 
tend to rotate 1t in the same direction about a fixed axis of rotation, the net 
torque 1s the sum of the torques. But Iƒ, say, one torque acfs to rotate an obJect 
1n one đirection, and a second torque acts to rotate the object 1n the opposite 
direction, the net torque 1s the difference of the two torques. We normally assign 
tệ E- thồtiere tho ðlimerierRen- a positive sign to {Orques that act tO rotate the object counterclockwise (just as 
đicular to the rotation axis, Ế, , acts to Ø 1s usually positive counterclockwise), and a negative sign to torques that act 
accelerate the wheel about the axis. to rotate the object clockwise. 

The component parallel to the axis, _ : : 

F, would tend to move the axis Forces that Act to Tilt the Axis 

1tself, which we assume is held fixed. We have been considering only rotation about a ñxed axis, and so we considered only 
forces that act in a plane perpendicular to the axIs Of rotation. If there 1s a Íorce 
(or component of a force) acting parallel to the axis of rofation, it will tend to tilt 
the axIs Of rotation——the component F, in Eig. 8—16 1s an example. Since we are 
assuming the axis remaIns fixed 1n direction, either there can be no such forces 
or else the axis must be mounted 1n bearings or hinges that hold the axis fixed. 
+ Thus, only a force, or component of a force (E, in Fig. 8-16), in a plane perpen- 
đicular to the axis wIll g1ve rise to rotatlonal acceleration about the ax1s. 


FIGURE 8-16 Only the component 


AxIs oŸ 
Tofaftlon 


8—5 Rotational Dynamics; 
Torque and Rotational Inertia 


W© discussed 1n Sectlon 8—4 that the angular acceleration œ of a rotating obJect 1s 
proportional to the net torque 7 applied to 1t: 


œ œ >T. 


W©e write 37 to remind us that 1t is the øe torque (sum of all torques acting on 
the object) that is proportional to œ. This corresponds to Newton”s second law 
for translational motion, ø œ >S#. In the translational case, the acceleration 1s 
not only proportional to the net force, but 1t 1s also 1nversely proportional to the 
inertia of the object, which we call its mass, z. Thus we wrote ø = SƑ/m. But 
what plays the role of mass for the rotational case? 'That 1s what we now set out 
to determine. At the same time, we will see that the relation œ œ« S7 follows 
đirectly from Newton”s second law, »X = 7a. 
We first examine a very simple case: a particle oŸ mass zm revolving 1n a circle 
Of radius r at the end of a string or rod whose mass we can I1gnore compared to 7 
FIGURE 8-17 A mass zz revolving (Eig. S—17). Consider a force # that acts on the mass 7# tangent to the circle as shown. 
in a circle of radius r about a fixed The torque that ø1ves rise to an angular acceleration Is 7 = rƑ. Ifwe use Newton”s 
point C. second law for linear quantitles, S = zma, and Eq. 8-5 relating the angular 
acceleration to the tangential linear acceleration, đạn = zœ, then we have 


F = ma 
= mra. 


'When we multiply both sides of this equation by r, we find that the torque 


T =rF = r(mro), 


OT 


T = mưa. [single particle] (8-11) 


Here at last we have a direct relation between the angular acceleration and the 
applied torque 7. The quantity zmr” represents the rofafional inertia of the particle 
and 1s called 1ts moment of inertia. 
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Now let us consider a rotafting rigid obJect, such as a wheel rotating about a 
fixed axis (an axle) through its center. We can think of the wheel as consist- 
ing of many particles located at various distances from the axis of rofation. 
We can apply Eq. 8—11 to each particle of the obJect, and then sum over all the 
particles. The sum of the various torques 1s the net torque, 37, so we obtaIn: 


»7T = (Smr?)a (8-12) 


where we factored out œ because 1t 1s the same for all the particles of a rigid 
object. The sum 3z represents the sum of the masses of each particle in the 
object multiphed by the square of the distance of that particle from the axIs 
Of rofation. If we assiegn each particle a number (1, 2, 3,... ), then Smr? = 


mịr{ + mạr + mạr3 + ---. This sum is called the moment ofinertia (or rofational 
inerfia) Ï of the oblect: 
Il = Ymrˆ = mìịr{ + mạt) + ---. (8-13) 
Combining Eqs. 8—12 and 8—13, we can wrife 
5T = la (8-14) 


Thịs 1s the rotational equivalent of Ñewton”s second law. It 1s valid for the rota- 
tion of a ripid obJect about a fixed axis. [It is also valid when the obJect 1s rotating 
while translating with acceleration, as long as 7 and œ are calculated about the 
cenfter of mass of the obJect, and the rotation axis through the CM doesn”t change 
direction. A ball rollineg down a ramp Is an exampIe. | 

We see that the moment of inertia, 7, which Is a measure of the rotational 
1nertia of an oblect, plays the same role for rotational motion that mass does for 
translational motion. As can be seen from Edq. 8-13, the rotational imnertia of a 
rigid obJect depends not only on 1fs mass, but also on how that mass 1s distributed 
with respect to the axIs. For example, a large-diameter cylinder will have øreafter 
rotaftional Inertia than one of equal mass but smaller diameter, Fig. S8—18. The 
former will be harder to start rotating, and harder to stop. When the mass 1s 
concenfrated farther from the axIs Of rotation, the rofational Inertia 1s øreater. FOr 
rotafional motion, the mass of an obJect can z#ø be considered as concentrated 
af 1{s cenfer oŸ mass. 


Two weights on a bar: different axis, different ï. Two 
small “weiphts,” of mass 5.0 kg and 7.0 kg, are mounted 4.0m apart on a light 
rod (whose mass can be ignored), as shown ïn Eig. 8—19. Calculate the momenf 
Of inertia of the system (øz) when rotated about an axis halfway between the 
weiphts, Fig. 8—19a, and (b) when rotated about an axis 0.50 m to the left of the 
5.0-kg mass (Fig. 8—19b). 

APPROACH In each case, the moment of inertia of the system is found by 
summnng over the two parfs using Eq. 8—13. 


SOLUTION (ø) Both weights are the same distance, 2.0 m, from the axis O rofa- 
tion. Thus 


I = Ymrˆ = (5.0kg)(2.0m) + (7.0 kg)(2.0m)Z 

= 20kg-m” + 28kg-'m” = 48kg-m. 
(b) The 5.0-kg mass is now 0.50 m from the axis, and the 7.0-kg mass ¡is 4.50 m 
from the axis. Then 


I = Smr? = (5.0kg)(0.50m)ˆ + (7.0 kg)(4.5 m)? 


1.3kg-m” + 142kg-m” = 143kg-m. 


NOTE This Example 1llustrates two important points. First, the moment of 
1nertia of a given system 1s different for different axes of rotation. Second, we 
see In part (b) that mass close to the axis of rotation contributes little to the total 
moment of inertia; here, the 5.0-kg object contributed less than 1% to the total. 


SECTION8-5_ Rotational Dynamics; Torque and Rotational Inertia 


NEWTON”S SECOND LAW 
FOR ROTATION 


—Y 
h g C) 


FIGURE 8-18 A large-diameter 
cylinder has greater rotational Iner- 
tia than one of smaller diameter but 
equal mass. 


FIGURE 8-19 Example 8—9: 
calculating the moment of inertia. 


L 4.0m 
H 
5.0kg | 7.0 kg 
AXIS 
(a) 
Ni 
¡0.50 m 
8 B 
|5.0 kg 7.0 kg 
AXIS 
(b) 


$*CAUTION 


1 depends on axis oƒrotation 
and on distribution oƒ mass 
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Location Moment of 
ObJect OŸ aXIS Inertia 


(a)  Thin hoop, Through 
radius ® center ME 

(b)  Thin hoop, Through 
radius Ñ central TT NNG : 
width 20 diameter 2MR hà ¡ato 

(c)  Solid cylinder, Through h 
radius ® center 2MR” 

(d)  Hollow cylinder, Through l B5 rời 
inner radius Ÿ¡ cenfer ›M( lo, 
outer radius 

(e)  Uniform sphere, Through 
radius ® 

center ; MP? 

(Long uniform rod, Through J MP 

length £ center 12 
AXIS 
(ø) Long uniform rod, Through m7mmmmm `... 
length £ end =——ƒ—l 3 
FIGURE 8-20 Moments of AXiS 
Inertia for varlous obJects (h)  Rectangular Through 1 M(2 + 402) 
Of uniform composifIon, thin plate, center ƒ ^: 12 
each with mass ẢM. length É, width +0 N⁄ D 


For most ordinary objectfs, the mass 1s distributed continuously, and the calcu- 
lation of the moment of inertia, >zz2, can be difñicult. Expressions can, however, 
be worked out (using calculus) for the moments of inertia of regularly shaped 
obJects in terms of the dimensions of the obJects. Figure 8—20 g1ves these eXpres- 
sions for a number of solids rotated about the axes specified. The only one for 
which the result is obvious 1s that for the thin hoop or ring rotated about an axIs 
passing through is center perpendicular to the plane of the hoop (Eig. 8—20a). For 
a hoop, all the mass 1s concentrated at the same distance from the axis, #. Thus 
Smrˆ = (Sm)R? = MR”, where M ïs the total mass of the hoop. In Fig. 8-20, we 
use capital Ñ to refer to the outer radius of an object (in (d) also the Inner radius). 

'When calculation 1s difficult, 7 can be determined experimentally by measuring 
the angular acceleration œ about a fixed axIs due to a known net torque, 37, and 
applying Newton”s second law, 7ï = Šr/ø, Eq.8-14. 


8-6 Solving Problems in 
Rotational Dynamics 


'When working with torque and angular acceleration (Eq. 8—14), it is important to 
use a consistent set of units, which in SI is: zin rad/s”; zin m-N; and the moment 
Of inertia, I, in kg -mỶ. 
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@oLVI Me 


Rotational Motion directions of rotation (counterclockwise and clock- 
wise), and assign the correct sipgn to each torque. 


5. Apply Newton*® second law for rofaftion, >7 = lơ. 
lf the moment of mertfia 1s not given, and 1t 1s not 
the unknown sought, you need to determine 1t first. 
Use consistent units, which in SI are: œ in rad/S”; 
7 inm-N; and 7in kg - m. 


2. Choose the obJect or objects that will be the system 
to be studied. 

3. Draw a free-body diagram for the object under 
consideration (or for each obJect, 1Ý more than one), 
showing all (and only) the forces acting on that 
obJect and exactly where they act, so you can defer- 
mine the torque due to each. Gravity acts at the CM 
of the object (Section 7-8). 7. Solye the resulting equation(s) for the unknown(s). 


Bà 
nã 1. As always, draw a clear and complete diagram. 
®) 
S4 
e 


6. Also apply Newton*s second law for translafion, 
>E = mä, and other laws or principles as needed. 


4. Identify the axis of rotation and determine the 8. Do a rough estimafe to determine 1Ý yOur ansWer 1s 
torques about it. Choose positive and negative reasonable. 


A heavy pulley. A 15.0-N force (represented by E;) is applied 
to acord wrapped around a pulley ofmass Mí = 4.00 kg andradius ® = 33.0 cm, 
Fig. 8-21. The pulley accelerates uniformly from rest to an angular speed of 
30.0 rad/s in 3.00 s. If there is a frictional torque 7 = 1.10m-N at the axie, 
determine the moment of inertia ofthe pulley. The pulley rotates about 1s center. 


APPROACH We follow the steps of the Problem Solving Strategy above. 


SOLUTION 

1. Draw a điagram. The pulley and the attached cord are shown in Fig. 8~21. 

2. Choose the system: the pulley. 

3. Draw a free-body diagram. The force that the cord exerts on the pulley 1s 
shown as E in Fig. 8-21. The friction force acts all around the axle,retarding FIGURE8-21 Example 8-10. 
the motion, as suggested by E¿y in Eig. 8-21. We are given only its torque, 
which 1s what we need. TWwo other forces could be included 1n the diagram: 
the force of gravity mg down and whatever force keeps the axle In place 
(they balance each other). They do not contribute to the torque (their lever 
arms are Zzero) and so we omit them to keep our diagram simple. 

4. Determine the forques. The cord exerts a force Ế+ that acts at the edge of the 
pulley, so 1fs lever arm 1s ®. The torque exerted by the cord equals ®# and 
1s counterclockwise, which we choose to be positive. The frictional torque 1s 
gIven as 7 = 1.10m-N; 1t opposes the mofion and 1s negafive. 

5. Apply Newton?s second law for rotation. The net torque 1s 

>7 = RHr~— Ty = (0.330m)(15.0N) - 110m-N = 3.85m-N. 
The angular acceleration ø 1s found from the g1ven data that it takes 3.00 s to 
accelerate the pulley from rest to œ = 30.0 rad/S: 


_ ÂA@ — 300rad/s—=0 _ : 
œ Rj 300s 10.0 rad/sS“. 


Newton?s second law, S7 = ïÏœ, can be solved for ï which ¡1s the unknown: 
I1 = Yr/a. 
6. Other calculations: None needed. 
7. Solve for unknowns. From Newton'”s second law, 
T2 e cv  08Eeonjfl 
œ 10.0 rad/s” 
8. Do a rouph estimafe. We can do a rouph estimate of the moment oÝ inertia by 
assumning the pulley 1s a uniform cylinder and using Fig. S—20c: 
I x ;MR” = ;(4.00kg)(0.330m)” = 0.218kg-mể. 
Thịs 1s the same order of magnitude as our result, but numerically somewhat # PROBLEM SOLVING 
less. This makes sense, thouph, because a pulley 1s not usually a unform  scf/:ess and potoer 
cylinder but instead has more of its mass concentrated toward the outside 9272/86” es/2fes 
edge. Such a pulley would be expected to have a øgreater moment of Inertia 
than a solid cylinder of equal mass. A thin hoop, Fig. S—20a, ought to have a 
øreater 7 than our pulley, and indeed it does: 7 = MK” = 0.436 kg- m. 
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mỹ 
(b) 
FIGURE 8-22 Example 68-11. 
(a) Pulley and falling bucket of 
mass #. This 1s also the free-body 
diagram for the pulley. (b) Free- 
body diagram for the bucket. 
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Additional Example—a bit more challenging 


Pulley and bucket. Consider again the pulley in Example 8-10. 
But instead of a constant 15.0-N force being exerted on the cord, we now have a 
bucket of weight + = 15.0N (mass  = +0/g = 1.53 kg) hanging from the cord. 
See Eig. S8—22a. We assume the cord has negligible mass and does not stretch or slip 
on the pulley. Calculate the angular acceleration œ oŸthe pulley and the linear accel- 
eration ø of the bucket. Assume the same frictional torque 7; = 1.10m-NÑ acd. 
APPROACH Thi situation looks a lot like Example 8—10, Eig. 8-21. But there 1s 
a big difference: the tension In the cord 1s now an unknown, and 1t 1s no longer 
equal to the weight of the bucket 1f the bucket accelerates. Qur system has two 
parts: the bucket, which can undergo translational motion (Eig. 8—22b 1s its free- 
body diagram); and the pulley. The pulley does not translate, but it can rotate. 
We apply the rotational version of Newton”s second law to the pulley, 7 = Tư, 
and the linear version to the bucket, >F = ma. 

SOLUTION Let 7+ be the tension m the cord. Then a force # acts at the edge of the 
pulley, and we apply Newton”s second law, Eq. 8—14, for the rotation ofthe pulley: 

la = 3T = REr — Tịy. [pulley]| 

Next we look at the (linear) motion of the bucket of mass mm. Figure 8—22b, the 
free-body diapram for the bucket, shows that two forces act on the bucket: 
the force of gravity 7g acts downward, and the tension of the cord #+ pulls 
upward. Applying Newton”s second law, » = 7a, for the bucket, we have 
(taking downward as poSItIve): 


mg — Fị = ma. [bucket] 
Note that the tension r, which 1s the force exerted on the edge of the pulley, 1s 
nơi equal to the weight of the bucket (= mg = 15.0N). There must be a net 
force on the bucket 1Ý 1t 1s accelerating, so # < mg. We can also see this from 
the last equation above, F† = mg — ma. 

To obtain œ, we nofe that the tangential acceleration oŸ a point on the 
edge of the pulley 1s the same as the acceleration of the bucket 1f the cord 
doesn't stretch or slip. Hence we can use Eq.8§—5, đạn = a = Rơ. Substituting 
Fịạ = mg — ma = mg — mRÑœ Into the first equation above (Newton”s second 
law for rotation of the pulley), we obtain 


la = 3r = RHr— Ty = Rứng — mRo) — rạy = mẹ — mÑ?œ - Tụ. 
The unknown ø appears on the left and In the second term on the far right, so we 
bring that term to the left side and solve for œ: 
mgR — Tị 

I+mR 
The numerator (mg — 7¡;) is the net torque, and the denominator (I + mÑ?) 
1s the total rotational inertia of the system. With mg = 15.0N (m = 1.53 kg) 
and, from Example 8-10, 7 = 0.385 kg-m” and z7; = 1.10m-N, then 
(15.0N)(0.330m) — 1.10m-N 
0.385 kg -mˆ + (1.53 kg)(0.330 m)” 

The angular acceleration is somewhat less in this case than the 10.0 rad/s of 
Example 8-10. Why? Because #† (= mg — ma = 15.0N — ma) 1s less than the 
15.0-N force in Example 8—10. The linear acceleration of the bucket 1s 


a = Ra = (0.330m)(6.98rad/s”) = 2.30m/Sử. 
NOTE The tension in the cord #1s less than zzg because the bucket accelerates. 


= 6.98rad/s”. 


6—=Z Rotational Kinetic Energy 


The quantity ;zz2” is the kinetic energy of an object undergoing translational 
mofion. An object rotating about an axIs 1s said to have rotafional kinetic energy. 
By analogy with translational kinetic energy, we might expect this to be given 
by the expression 3 /œ”, where 7 is the moment of inertia of the object and ø is 
1{s angular velocity. We can indeed show that this 1s true. 


Consider any rigid rotating obJect as made up of many tiny particles, cach of 
mass 7. If we let r represent the distance of any one particle from the axis of 
rofation, then 1s linear velocIty 1s  = zœ. The total kimetic energy of the whole 
object wïll be the sum of the kinetic energies of all 1ts particles: 

KE = >6 mœ°) = >ẽ mr”e°) 
= 3(Smr?)øẺ. 
We have factored out the ‡ and the øŸ since they are the same for every particle 
of a rigid object. Since Szz = I, the moment of inertia, we see that the kinetic 
enerøy 0Ý a rigid rotating obJect 1s 
rotational KE = 3 Ìœ. (8-15) 
The units are Joules, as with all other forms OÝ energy. 

An obJect that rotates while 1ts center of mass (CM) undergoes translational 
motion wIll have both translational and rotational kinetic energy. Equation 8—15 
gIves the rotational kinetic energy 1ƒ the rotation axis 1s fixed. If the oblJect 1s 
moving, such as a wheel rolling down a hïll, this equation 1s still valid as long as 
the roftation axIs 1s fxed In direction. Then the total kinetic enerøy 1s 


KE = 2 Muễu + 3Ïtụ GŸ, (8-16) 
where 0ew 1s the linear velocity of the cenfer of mass, /¿w 1s the moment of1nertia 


about an axIs throuph the center of mass, œ 1s the angular velocity about this ax1s, 
and M is the total mass of the obJect. 


Sphere rolling down an incline. What will be the speed 
of a solid sphere of mass Ä⁄ and radius ® when 1t reaches the bottom of an 
1ncline 1ƒ It starts from rest at a vertical heipht H and rolls without slipping? 
See Fig. 8-23. (Assume sufficient static friction so no slipping occurs: we wIll 
see shortly that static friction does no work.) Compare your result to that for an 
obJect s//đ/ng down a frictionless 1ncline. 


APPROACH We use the law of conservation of energy with gravitational poten- 
tial energy, now 1ncluding rotational kinetic energy as well as translational KE. 
SOLUTION The total energy at any poïnt a vertical distance y above the base 
Of the incline 1s 
E = )Mt? + ÿlcuøœ° + Mey, 

where 0 1s the speed of the cenfter of mass, and Míøy 1s the gravitational potential 
energy. Applying conservation of energy, we equate the total energy at the top 
(y= H, o=0, œ= 0) tothe total energy at the bottom (y = 0): 


tp - Ebottom 
0+0+MgH = ÿM0ˆ° + ÿl¿ve@° + 0. 
The moment of inertia of a solid sphere about an axis through 1ts center of mass 
ÌS lcụ = ¿MR?, Eig. 8-20e. Since the sphere rolls without slipping, we have 
œ = Đ/R (recall Fig. 8-8). Hence 


[energy conservation] 


tố 
MẹgH = ;ÿMt + 18M : 

Canceling the Ms and K”s, we obtain 
+3)“ = øH 

OT 


0 = V?gH. [rolling sphere] 
We can compare this result for the speed of a rolling sphere to that for an obJect 
sliding down a plane without rofating and without friction, 2z? = mgH (see 
OUF enerøy conservafion equation above, removineg the rotational term). For the 
sliding object, ø = W⁄2gH, which 1s greater than our result for a rolling sphere 
(2 > 10/7). An object sliding without friction or rotation transforms its initial 
potential energy entirely into translational kinetic energy (none Into rofational 


kinetic energy), so the speed of 1ts cenfer oŸ mass Is preater. 


NOTE Our result for the rolling sphere shows (perhaps surprisingly) that 0 1s 
1ndependent of both the mass Mí and the radius # of the sphere. 


Ụ 
| 


FIGURE 8-23 A sphere rollins 
down a hill has both translational 
and rotational kinetic energy. 
Example 8-12. 


h— 


jỂpnosLEM SOLVING 


RÑotational energy adds 
to other {orms 0ƒ energy 
to get the total energy 
+ohich is conserued 
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Hoop 

'@ Empty can 

4) Sold cylinder (D-cell) 
sế _ Sphere (marble) 


Box (sliding) 
=» 


FIGURE 8-24 Example 6-13. 


FIGURE 8-25 A sphere rolling to 
the right on a plane surface. The 
point in contact with the ground at 
any moment, point P, is momenftarlly 
at rest. Point A to the left of P 1s 
moving nearly vertically upward at 
the Instant shown, and poïnt B to 
the right is moving nearly vertically 
downward. An instant later, point B 
wIill touch the plane and be at rest 
momentarily. Thus no work 1s done 
by the force of static friction. 


Sphere, rolling to the right ——> ⁄ 


FIGURE 8-26 Torque r = r# does 
work when rofating a wheel equal to 
W = FAL = FrA0 = 7A0. 
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Which is fastest? Several objects roll with- 
out slipping down an Incline of vertical height HH, all starting from rest at the 
same moment. The objects are a thin hoop (or a plain wedding band), a spherical 
marble, a solid cylinder (a D-cell battery), and an empty soup can. In addition, 
a greased box slides down without friction. In what order do they reach the 
bottom of the incline? 


RESPONSEWe use conservation of energy with gravitational potential energy 
plus rotational and translational kinetic energy. The sliding box would be fastest 
because the potential energy loss (MgH) is transformed completely Into transla- 
tional kinetic energy of the box, whereas for rolling obJects the Initial potential 
energy 1s shared between translational and rotational kinetic energies, and so the 
speed of the CM1s less. For each of the rolling obJects we can sfate that the decrease in 
pofential energy equals the Increase In translational plus rotational kinetic energy: 
MẹgH = ÿMt + ÿlcwú'. 

For all our rolling obJects, the moment of inertia fcw 1s a numerical factor times 
the mass M and the radius RZ (Eig. 8-20). The mass M is in each term, so the 
translational speed œ doesn't depend on Ä; nor does 1t depend on the radius 
since œ = 0/Ñ, so Ñ” cancels out for all the rolling objects. Thus the speed 0 at 
the bottom of the incline depends only on that numerical factor 1n /cụ which 
expresses how the mass 1s distributed. The hoop, with all 1s mass concenfrated 
at radius # (cụ = MR?), has the largest moment of inertia; hence it will have 
the lowest speed and will arrive at the bottom behind the D-cell (cụ = 3⁄Ñ?), 
which in turn will be behind the marble (c = š MÑ?). The empty can, which is 
mainly a hoop plus a thin disk, has most of 1ts mass concentrated at Ñ; so 1t wIll 
be a bit faster than the pure hoop but slower than the D-cell. See Hig. 8-24. 


NOTE The rolling objects do not even have to have the same radius: the speed 
at the bottom does not depend on the obJects mass ÁM or radius R, but only 
on the shape (and the height of the incline #1). 


lf there had been little or no static friction between the rolling obJects and the 
plane In these Examples, the round objects would have slid rather than rolled, or a 
combination of both. Static friction must be present to make a round obJect roll. 
We did not need to take friction into account in the energy equation for the rolling 
objectfs because 1f 1s sfc fricion and does no work——the point of contact of a 
sphere at each instant does not slide, but moves perpendicular to the plane (fñirst 
down and then up as shown in Eig. 8-25) as it rolls. Thus, no work 1s done by the 
static Íriction force because the force and the motion (displacement) are perpen- 
dicular. The reason the rolling obJects in Examples 8—12 and 8—13 move down the 
slope more slowly than 1f they were sliding 1s øf because friction slows them 
down. Rather, 1t is because some of the gravitional potential energy 1s converted 
to rotational kinetic enersy, leaving less for the translational kinetic energy. 


EXERCISE € Return to the Chapter-Opening Question, page 198, and answer It again 
now. Try to explain why you may have answered differently the fñirst time. 


Work Done by Torque 
The work done on an obJect rotating about a fixed axIs, such as the pulleys in 
Higs. 8-21 and 8-22, can be wriftten using angular quantities. As shown ím 
Hig. 8-26, a force Fexerting a torque 7 = rF ona wheel does work W = #'Af 
in rotating the wheel a small distance Af£ at the point of application of E. The 
wheel has rotated through a small angle A0 = A#/r (Eq.8-1). Hence 

W = FAI = FrA0. 
Because 7 = rF, then 

W = TAO (8-17) 
1s the work done by the torque 7 when rofating the wheel through an angle À0. 
Finally, power P 1s the rate work 1s done: 

P = W/AI = rTA0/Af = To, 
which 1s analogous to the translational version, P = #Ƒo (see Eq.6—18). 


8-8 Angular Momentum and 
Its Conservation 


Throughout this Chapter we have seen that 1ƒ we use the appropriate angular 
variables, the kinematic and dynamic equations for rotational mofion are anal- 
Oogous to those for ordinary linear motion. We saw In the previous Section, 
for example, that rotational kinetic energy can be written as 3œ”, which is 
analogous to the translational kinetic energy, zẺ. In like manner, the linear 
mmomenfum, p = 7o, has a rotational analog. It is called angular momentum, 7. 
For a symmetrical obJect rotating about a fixed axis through the CM, the angular 
momentum 1s 


L= Ho, (8-18) 


where 7 1s the moment of Inertia and ø 1s the angular velocity about the axIs Of 
rotation. The SI units for L are kg -m”/s, which has no special name. 

We saw in Chapter 7 (Section 7-1) that Newton”s second law can be written 
not only as » = ma but also more generally in terms of momentum (Eq. 7-2), 
>F = Ap/Aí. In a similar way, the rotational equivalent of NÑewton”s second 
law, which we saw In Eq. 8—14 can be written as 7 = ƒœ, can also be written in 
terms of angular momenftum: 


AL 
SXr=m =1 
chu” (8-19) 


where >7 1s the net torque acfing to rofate the obJect, and A7 1s the change 1n 
angular momentum 1 a time 1nterval Aí. Equation 8—14, %7 = Tœ, 1s a special 
case of Eq. 8-19 when the moment of Inertia 1s constant. This can be seen as 
follows. If an object has angular velocity œạ at time f = 0, and angular velocIty œ 
after a time Iinterval Af, then 1ts angular acceleration (Eq. 8-3) 1s 


— Âm — @— Œœg 
“` “Af Af 
Then from Eq. 8-19, we have 
AL — lœ— loa — l(@ — e&ạ) Aø 
DI nỗ: su Bo Af MB... 


which 1s Eq. 8—14. 

Angular momentum 1s an important concept 1n physics because, under 
certain conditions, it is a conserved quantity. We can see from Eq. 8-19 that 1f 
the net torque 7 on an object is zero, then AJ/A7 equals zero. Thatis, AUJ = 0, 
so U does not change. Thịs 1s the law of conservafion of angular momentum for 
a rotafting obJect: 


The tfotal angular momentum of a rofating objecf remains consfant ïf the net 
forque acfing on ïf is zero. 


The law of conservation of angular momentum 1s one of the øreaf conservation 
laws of physics, along with those for energy and linear momentum. 

'When there 1s zero net torque acting on an object, and the obJect 1s rotating 
about a fixed axIs or about an axiIs through 1s center of mass whose direction 
doesnt change, we can write 


lœ = lạœạ = constant. (8-20) 


1; and øạ are the moment of inertia and angular velocity, respectively, about that 
aXis at some initial time (/ = 0), and 7 and ø are their values at some other time. 
The parts of the obJect may alter their positions relative to one another, so that 7 
changes. But then œ changes as well, so that the product 7œ remains constant. 


NEWTONS SECOND LAW 
FÓOR RO1IATION 


CONSERVATION OF 
ANGULAR MOMENTUM 
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(a) (b) 


FIGURE 8-27 A skater spinning on 
1ce, 1llustrating conservation of angular 


momentum: (a) 7 is large and œ 1S 
small; (b) 71s smaller so œ 1S largeT. 


FIGURE 8-28 A diver rotates faster 


when arms and legs are tucked in 
than when they are outstretched. 
Angular momentum Is conserved. 


Many Interesting phenomena can be understood on the bas1s of conservafion 
of angular momentum. Consider a skater doïng a spin on the tips of her skates, 
Hig. 8-27. She rotates at a relatively low speed when her arms are outstretched; 
when she brings her arms in close to her body, she suddenly spins much faster. 
From the definition of moment of inertia, 7 = Szwr7, it is clear that when she 
pulls her arms in closer to the axIs Of roftation, z 1s reduced for the arms so her 
moment of inertia 1s reduced. Since the angular momentum ?œ remains constanf 
(we Ignore the small torque due to friction), 1Ÿ 7 decreases, then the angular 
velocity œ@ must Increase. If the skater reduces her moment of inertia by a factor 
of2, she wIll then rotate with twice the angular velocity. 


EXERCISE D When a spinning figure skater pulls in her arms, her moment of inertia 
decreases; to conserve angular momentum, her angular velocity Increases. Does her 
rotational kinetic energy also Increase? If so, where does the energy come from? 


A similar example 1s the diver shown In Eig. 8—28. The push as she leaves the 
board gives her an Initial angular momentum about her center of mass. When 
she curls herself into the tuck position, she rotates quickly one or more times. She 
then stretches out again, Increasing her moment of Inertia which reduces the 
angular velocity to a small value, and then she enters the water. The change In 
mnoment oŸ Inertia from the straight position to the tuck position can be a factor 
of as much as 33. 

Note that for angular momentum to be conserved, the net torque must be 
zero; but the net force does not necessarily have to be zero. The net force on the 
diver in Eig. 8-28, for example, is not zero (pravity 1s actine), but the net torque 
about her CM 1s zero because the force of gravity acts at her center of mass. 


Clutch. A simple clutch consists of two cylindrical plates 
that can be pressed together to connect two secfions of an axle, as needed, im 
a piece ofmachinery. The two plates have masses ⁄4 = 6.0 kg and !íp; = 9.0 kg, 
with equal radi ® = 0.60m. They are initially separated (Fig. 8-29). Plate M. 
is accelerated from rest to an angular velocity œ¡ = 7.2rad/s intime A/ = 2.0s. 
Calculate (z) the angular momentum of M„, and (0) the torque required to 
accelerate jMA from rest to œ¡;. (c) Next, plate Míp, initially at rest but 
free to rotate without friction, 1s placed In firm contact with freely rotating 
plate M., and the two plates then both roftate at a constant angular velocIty œ;, 
which 1s considerably less than øœ¡. Why does this happen, and what 1s @; ? 


APPROACH We use angular momentum,  = 7œ (Eq.8-18), plus Newton's 
second law for rotation, Eq. 8—19. 


SOLUTION (z) The angular momentum of MA, a cylinder, 1s 
LẠ = lø@i = gMAR?ø, = ;(6.0kg)(0.60m)?(7./2rad/s) = 7.8kg-m2/s. 


(b) The plate started from rest so the torque, assumed constant, was 


3:Êb 22/4 lÚ 
"`"... “ki bc =.3.9m-N. 
Af 2.05 


(c) Initially, before contact, ẩMa 1s rotating at constanf œ¡ (we ignore friction). When 
plate B comes In contact, why 1s theIr Joint rotation speed less? You might think m 
terms of the torque each exerts on the other upon conftact. But quantiftatively, 
1E eaSler to use conservation of angular momentum, Eq. 8-20, since no external 
fOrques are assumed to act. Thus 
angular momentum before =_ angular momentum after 
lới = ( + Tg)@;. 
Solving for ø; we find (after cancelling factors of R”) 


= ụ — MA — 6.0 kg — 
(2 ly FT rÌ» Ím ĐR "mà. 15.0 kg (72rad/s) = 2.9rad/s. 
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Neutron star. Astronomers detect stars that @® PHYSICS APPLIED 
are rofating extremely rapidly, known as neutron stars. A neutron star 1s believed Neutron star 

to form from the Inner core of a larger star that collapsed, under 1s own øTavi- 

tatlon, fo a star of very small radius and very high density. Before collapse, 

suppose the core of such a star is the size of our Sun ( 7 x 107km) with mass 

2.0 times as great as the Sun, and 1s rotating at a frequency of 1.0 revolution every 

100 days. If1t were to undergo gravitational collapse to a neutron star of radIus 

10 km, what would 1s rotation frequency be? Assume the star 1s a unform sphere 

at all times, and loses no mass. 


APPROACH We assume the star 1s isolated (no external forces), so we can use 
conservafion of angular momentum for this process. 


SOLUTION From conservation of angular momentum, Eq. 8-20, 
hứa = b@;, 


where the subscripts 1 and 2 refer to initial (normal star) and final (neutron star), 
respectively. Then, assuming no mass is lost in the process (Mị = ẢM;), 


¬ l?)» _ Le `". 
: }>'. ?M,R))  Rị ` 


The frequency ƒ = øœ/27, sO 


_ 0 _ R 
b _— 2 = U 
7 x 107km \? 1.0rev 
z 6x 10 
l 10 km Í PnaBibazagg) bỏ 6 


which ¡is 600 Hz or (600 rev/s)(60 s/min) = 36,000 rpm. 


*9_-9_ Vector Nature of 
Angular Quantities 


Úp to now we have considered only the magnitudes of angular quantifies such Ă 
as œ, œ, and L. But they have a vector aspect too, and now we consider the 


directions. In fact, we have to đeƒfime the directlons for rotational quantitIes. We 
consider first the angular velocIty, ø. 
Consider the rotating wheel shown im EFig. 8-30a. The linear velocitles oŸ 2 
different particles of the wheel point in all different directions. The only unique Ề c3 2 
đirection 1n space associated with the rotation 1s along the axIs Of rofation, perpen- 
đicular to the actual motion. We therefore choose the axis oŸ rofation to be the (a) (b) 
direction of the angular velocity vector, ø@. Actually, there is still an ambiguity FIGURE 8-30 (a) Rotating wheel. 
since @ could point in either direction along the axis of rotation (up or down _ (b) Right-hand rule for obtaining the 
in Fig. 8—30a). The convention we use, called the right-hand rule, ¡s this: when  đirecon ofø. 
the fingers of the right hand are curled around the roftation axis and pomt 1n the 
direction of the rotation, then the thumb points 1n the direction of ø. Thĩs 1s 
shown 1n FEig. 8-30b. Note that @ points In the direction a right-handed screw 
would move when turned In the direction of rotation. Thus, 1ƒ the rotation of the 
wheel in Fig. 8—30a 1s counterclockwrse, the direction of ø 1s upward as shown 1n 
Fig. S8—30b. If the wheel rotates clockwise, then ø points In the opposite direction, 
downward. Note that no part of the rotating objJect moves 1n the direction of ø. 

TỶ the axis of rofation 1s fixed, then ø can change only in magnitude. Thus 
ở = A@/Af must also poïnt along the axis of rotation. If the rotation is counfter- 
clockwise as In Fig. 8-30a and the magnitude of ø 1s Increasing, then ở poinfs 
upward; but If @ is decreasing (the wheel ¡s slowing down), # points downward. 
TỶ the rotation 1s clockwise, đ poinfs downward 1 ø 1s Increasing, and đ poinfs 
upward I ø 1s decreasing. 
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e:i 


«| cé 
(a) (b) 


FIGURE 8-30 (Repeated.) 
(a) Rotating wheel. (b) Right-hand 
rule for obtaining the direction o ø. 


FIGURE 8-31 (a) A person standing 
on a circular platform, Initially at 

rest, begins walking along the edge at 
specd ø. The platform, mounted on 
nearly friction-free bearings, begins 
rofating in the opposife direction, 

so that (b) the total angular momentum 
remains Zero (Lplatorm = — Lperon)- 


AXIS 


| TL 1crson 


| L platform 


Angular momentum, like linear momentum, 1s a vector quantity. For a sym- 
metrical object rotating about a symmetry axis (such as a wheel, cylinder, hoop, 
or sphere), we can write the vector angular momentum as 


Ù = lõ. (8-21) 


The angular velocity vector ø (and therefore also L) points along the axis of rota- 
tion in the direction given by the ripht-hand rule (Eig. 8—30b). 

The vector nature of angular momentum can be used to explain a number 
Of interesting (and sometimes surprisine) phenomena. For example, consider a 
person standing at rest on a circular platform capable of rotating without fric- 
tion about an axis through its center (that ¡s, a simplified merry-go-round). If 
the person now sfartfs to walk along the edge of the platform, Fig. 8-31a, the 
platform starfs rotating In the opposite direction. Why? One explanation 1s that 
the person”s foot exerts a force on the platform. Another explanation (and this 
1s the most useful analysis here) 1s that this is an example of the conservation of 
angular momentum. If the person starts walking counterclockwise, the person”s 
angular momentum will point upward along the axis of rotation (remember 
how we defined the direction of ø using the right-hand rule). The magnitude of 
the persons angular momentum will be L = 7œ = (mr?)(0/r), where 0 is the 
person”s speed (relaftive to the Earth, not to the platform), r 1s his distance from 
the rotation axis, mm is his mass, and zwr” is his moment of inertia if we consider 
him a particle (mass concentrated at one poïnt, Eq. 8—11). The platform rotates in the 
Opposite direction, so 1s angular momentum points downward. If the total 
angular momentum of the system 1s Initially zero (person and platform at rest), 
1t WIll remain zero after the person starts walking. That 1s, the upward angular 
momentum of the person just balances the oppositely directed downward 
angular momentum of the platform (Fig. 8-31b), so the total vector angular 
momenfum remains Zero. Even though the person exerts a force (and torque) 
on the platform, the platform exerts an equal and opposite torque on the person. 
So the net torque on the sysíem of person plus platform 1s Zero (ipnoring 
friction), and the total angular momentum remains constant. 


CONCEPTUAL EXAMIPLE 8-16 | Spinning bicycle wheel. Your physics 


teacher 1s holding a spinning bicycle wheel while he stands on a statlonary 
frictionless turntable (Fig. 8-32). What will happen If the teacher suddenly flips 
the bicycle wheel over so that 1f 1s spinning 1n the opposite direction? 


RESPONSE_We consider the system of turntable, teacher, and bicycle wheel. 
The total angular momentum initially is Ù vertically upward. That is also what 
the system's angular momentum must be afterward, since U is conserved 
when there 1s no net torque. Thus, 1ƒ the wheel”s angular momentum after being 
flipped over is —U downward, then the angular momentum of teacher plus 
turntable will have to be +2 upward. We can safely predict that the teacher 
(and turntable) will begin revolving In the same direction the wheel was spinning 
Originally. 


EXERCISE E In Example 8—16, what if he moves the axis only 90° so it is horizontal? 
(a) The same direction and speed as above; (5) the same as above, but slower; (c) the 
OppOSIfe result. 


EXERCISE F Suppose you are standing on the edge of a large freely rotating turntable. 
T you walk toward the center, (2) the turntable slows down; (5) the turntable speeds up; 
(€) 1ts rotation speed 1s unchanged; (đ) you need to know the walking speed to answer. 

One final note: the motion of particles and objects in rofafing frames of 
reference 1s extremely interesting, though a bit advanced and so 1s treated at the 
end of the book in Appendix C. 
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 Summary 


'When a rigid obJect rotates about a fixed axIs, each point of the 
object moves In a circular path. Lines drawn perpendicularly 
from the rotation axis to varIous poinfs in the object all sweep 
out the same angle Ø in any g1ven time Interval. 


Angles are conventionally measured in radians, where one 
radian 1s the angle subtended by an arc whose length 1s equal 
to the radius, or 


2mrrad = 360 
1rad No và 


à 


Angular velociíy, œ, is defined as the rate of change of 
angular posItIon: 


. 
Af 


œ@  = 


(8-2) 


All parts of a rigid obJect rotating about a fixed axIs have the 
same angular velocity at any Instant. 


Angular acceleration, œ, is defined as the rate of change of 
angular velocIty: 


Áo. 
Af 


œ = (8-3) 
The linear velocity and acceleration ø of a point located 


a đistance r from the axis of rotation are related to œ and œ 
by 


U = rô, (8-4) 
đạn — FŒ, (8-5) 
dạ = @P, (8-6) 


where đan and zạ are the tangential and radial (centripetal) 
components of the linear acceleration, respectively. 


The frequenecy ƒ1s related to øœ by 


œ = 27ƒ, (8-7) 
and to the period 7' by 
T = 1/ƒ. (8-8) 


TỶ a rigid obJect undergoes uniformly accelerated rotational 
motion (œ = constant), equations analogous to those for linear 
mofion are valid: 


œ@ = 0g + GfÍ, 0 = øœạf + ‡af?, 
(8-9) 


@ TT @g 


2 


@2 = @§ + 2a0, ø = 


The forque due to a force F exerted on a rigid object is 
equal to 


T = rịF = rFị = rFsin0, (8-10) 
where r,, called the leyer arm, 1s the perpendicular distance 
from the axis of rotation to the line along which the force acts, 
and Ø is the angle between E and r. 


The rotational equivalent of Newton”s second law 1s 


(8-14) 


where ƒ = Xmz” is the moment of inertia of the object about 


the axis of rotation. 7ƒ depends not only on the mass of the 
obJect but also on how the mass 1s distributed relative to the 
axIs Of rotation. For a uniform solid cylinder or sphere of 
radius ® and mass Ä⁄, 7 has the form 7 =šMÑ? or $MR}, 
respectively (see Fig. 8—20). 


The rotational kinetic energy of an obJect rotating about a 
fixed axis with angular velocIty œ 1S 


(8-15) 


For an object both translating and rotating, the total 
kinetic energy 1s the sum of the translational kinetic energy of 
the objects center of mass plus the rotational kinetic energy 
of the obJect about 1ts cenfer oŸ mass: 

KE = ;M?ễu + 3lcw@“ (8-16) 


as long as the rotation axIs 1s fxed in direction. 


The angular momentum U of an object rotating about a 
fixed rotation axIs Is øIven by 


(8-18) 
Newton”s second law, In terms of angular momenftum, Is 


AL, 
Af 


Xr = (8-19) 


If the net torque on an object is zero, AJ/Af =0, so 
L = constant. This 1s the law of conservation of angular 
momentum for a rotating object. 


The following Table summarizes angular (or rotational) 
quantities, comparing them to their translational analogs. 


Translation Rotation Connection 
* 0 x=r0 
Ð ứœ) —= F() 
ạ ơ địạn = rœ 
m lị I = Smr? 
F T r=rFsin0 
KE = 500? 3 lœˆ 
D= } = lo 
W = Fd W =0 
»F = ma »r = lœ 

P AL 
>F= n1 >r= Nr 


[fAngular velocity, angular acceleration, and angular 
momentum are vectors. For a rigid object rotating about a 
fixed axis, the vectors đø, đ, and Ũ point along the rotation 
axis. The đirection of @ or Ú is given by the righf-hand rule.] 
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 Questions 


1. A bicycle odometer (which counts revolutions and 1s cali- 
brated to report distance traveled) ¡is attached near the 
wheel axle and 1s calibrated for 27-inch wheels. What 
happens 1 you use 1t on a bicycle with 24-inch wheels? 


2. Suppose a disk rofates at constant angular velocity. (a) Does a 
point on the rim have radial and/or tangential acceler- 
ation? () If the disks angular velocity Increases uniformly, 
does the point have radial and/or tangential acceleration? 
(c) For which cases would the magnitude of either component 
of linear acceleration change? 


3. Can a small Íorce ever exert a greater torque than a larger 
force? Explain. 


4. Why is ii more difficult to do a sit-up with your hands 
behind your head than when your arms are s(retched out 
1n front of you? A diagram may help you to answer this. 


5. lfthe net force on a sysfem is zero, 1s the net torque aÏso zero? 
Tf the net torque on a system 1s zero, 1s the net Íorce zero? 
Explain and give examples. 


6. Mammals that depend on being able to run fast have slender 
lower legs with flesh and muscle concentrated hiph, close to 
the body (Fig. 8-33). On the basis of rotational dynamics, 
explain why this distribution of mass is advantageous. 


FIGURE 8-33 
Ouestion 6. 
A gazelle. 


7. This book has three symmetry axes throuph 1ts center, all 
mutually perpendicular. The book's moment of inertia 
would be smallest about which of the three? Explain. 


§. Can the mass of a rigid object be considered concentrated 
af 11s CM for rotational motion? Explain. 


9. The moment ofinertia of a rotating solid disk about an axIs 
through its CM is 3M” (Fig. 8-20c). Suppose instead that 
a parallel axis of rotation passes through a point on the 
edge of the disk. Will the moment of inertia be the same, 
larger, or smaller? Explain why. 


10. Two ¡inclines have the same heipht but make different 
angles with the hor1zontal. The same steel ball rolls without 
slipping down each incline. On which incline will the speed 
of the ball at the bottom be greater? Explain. 


11. Two spheres look identical and have the same mass. How- 
ever, one 1s hollow and the other 1s solid. Describe an 
experiment to determine which 1s which. 


12. A sphere and a cylinder have the same radius and the same 
mass. They start from rest at the top of an incline. (z) Which 
reaches the bottom first? (b) Which has the øreater speed at the 
bottom? (c) Which has the greater tofal kinetic enerøy at the 
bottom? (đ) Which has the greater rotational kinetic enerey? 
Explain your answers. 
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13. Why do tightrope walkers (Eig. 8—34) carry a long, narrow 


cm... 


rod? 


FIGURE 8-34 Ouestion 13. 


14. We claim that momentum and angular momentum are 
conserved. Yet most moving or rofating objects eventually 
slow down and stop. Explain. 


15. Can the diver of Eig. 8-28 do a somersault without having 
any Initial rotation when she leaves the board? Explain. 


16. When a motorcyclist leaves the ground on a jump and 
leaves the throttle on (so the rear wheel spins), why does 
the front of the cycle rise up? 

17. A shortstop may leap Into the atr to catch a ball and throw 

1t quickly. As he throws the ball, the upper part of his body 

rotates. If you look quickly you wIll notice that his hips and 
legs rofate in the opposite direction (Fig. 8-35). Explain. 


FIGURE 8-35 Ouestion 17. 
A shortstop m the air, throwing 
the ball. 


#18. The angular velocity of a wheel rotating on a horizontal 
axle points west. In what direction 1s the linear velocity of 
a poïnt on the top of the wheel? If the angular acceleration 
points easf, describe the tangential linear acceleration of this 
point at the top ofthe wheel. Is the angular speed Increasing 
or decreasing? 


#19. In what direction 1s the Earth”s angular velocity vector as 1t 
rotates daily about 1ts axis, north or south? 


*20. On the basis of the law of conservation of angular momen- 
tum, discuss why a helicopter must have more than one 
rotor (or propeller). Discuss one or more ways the second 
propeller can operate in order to keep the helicopter stable. 


MisConceptual Questions 


1. 


Bonnte sits on the outer rim of a merry-go-round, and Jill 
sifs midway between the center and the rim. The merry- 
øgo-round makes one complete revolution every 2 seconds. 
JII's linear velocity 1s: 

(a) the same as Bonnie's. 

(b) twice Bonnie's. 

(c) half of Bonnie's. 

(đ) one-quarter of Bonnie”s. 

(£) four times Bonnie”s. 


An object at rest begins to rotate with a constant angular 
acceleration. If this object rotates through an angle Ø in 
time f, through what angle did it rotate in the time š/? 
(3)¿0.  (b)¿0.  (c)9.  (đ)29. — (e)40. 

A car speedometer that is supposed to read the linear speed 
Of the car uses a device that actually measures the angular 
speed of the tires. If larger-diameter tires are mounted on 
the car instead, how wIll that affect the speedometer reading? 
The speedometer 

(2) wIll still read the speed accurately. 

(b) wIll read low. 

(c) wIIl read high. 


„The solid dot shown in Hig. 8—36 1s a pivot point. The board 


can rotate about the pivot. Which force shown exerts the 
largest magnitude torque on the board? 


(e) 500N 
=— (2) 800N 
| ‡ ‡ 
(b)500N — (e)500N 


(z) 1000N 
FIGURE 8-36 MisConceptual Question 4. 


. Consider a force Ƒ = S§0N applied to a beam as shown 


in Fig. 8-37. The length of the beam is £ = 5.0m, and 
0=37”, so that x = 3.0m and y=40m. Of the 
following expressions, which ones gIve the correct torque 
produced by the force Ê around point P? 
(z) S0N. 

(5) (80N)(S.0m). 

(c) (80N)(S.0 m)(sin 37°). 

(4) (80N)(4.0m). 

(e) (80N)(3.0m). 

(0 (48N)(S.0m). 

(ø) (48 N)(4.0 m)(sin 37°). 


FIGURE 8-37 
MisConceptual Question 5. 


Two spheres have the same radius and equal mass. One 
sphere 1s solid, and the other 1s hollow and made of a denser 
material. Which one has the bipseer moment of inertia about 
an axIs through 1ts center? 

(2) The solid one. 

(b) The hollow one. 

(c) Both the same. 


T% 


8. 


10. 


11. 


12. 


13. 


Two wheels having the same radius and mass rofate at the 

same angular velocity (Fig. 8-38). One wheel is made with 

spokes so nearly all the mass 1s at the rim. The other 1s a 

solid disk. How do therr rotational kinetic energ1es compare? 

(2) They are nearly the same. 

(b) The wheel with spokes has about twice the KE. 

(c) The wheel with spokes has higher KE, but not twice as 
h¡iph. 

(đ) The solid wheel has about twice the KE. 

(c) The solid wheel has higher KE, but not twice as high. 


FIGURE 8-38 
MisConceptual 
Ouestion 7. 


Tf you used 1000 ] of energy to throw a ball, would 1t 

travel faster 1ƒ you threw the ball (ipnoring air resistance) 

(4) so that 1t was also rotating? 

(ð) so that 1t wasn”t rotating? 

(c) It makes no difference. 

A small solid sphere and a small thin hoop are rolling along 

a horizontal surface with the same translational speed when 

they encounter a 20° rising slope. If these two obJects roll up 

the slope without slipping, which wIll rise farther up the slope? 

(a) The sphere. 

(5) The hoop. 

(c) Both the same. 

(đ) More information about the objects” mass and 
điameter 1s needed. 

A small mass # on a string 1s rotating without friction In a 

circle. The string 1s shortened by pulling it through the axIs 

Of rotation without any external torque, Fig. 8-39. What 

happens to the angular velocity of the object? 

(a) It increases. 

() It decreases. 

(c) It remains the same. 


FIGURE 8-39 
MisConceptual 
Ouestions 10 and 11. 


A small mass # on a string 1s rotating without friction In a 
circle. The string 1s shortened by pulling 1t through the axIs 
Of rotation without any external torque, Eig. 8-39. What 
happens to the tangential velocity of the obJect? 

(4) Itincreases. 

() It decreases. 

(c) It remaiïns the same. 

TỶ there were a great migration of people toward the Earth's 
equator, the length of the day would 

(2) Increase because of conservation of angular momentum. 
(b) decrease because of conservation of angular momentum. 
(c) decrease because of conservation of energy. 

(đ) increase because of conservation of energy. 

(e) remain unaffected. 

Suppose you are sitting on a rotating stool holding a 2-kg 
mass In each outstretched hand. If you suddenly drop the 
masses, your angular velocity will 
(2) Increase. (b) decrease. 


(c) stay the same. 
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For assigned homework and other learning materials, go to the MasteringPhysics website. 


Ï Problems 


8-1 Angular Quantities 
1. 


10 


FIGURE 8-41 
Problem 10. 


(D Express the following angles in radians: (2) 45.0°, 
(b) 60.0°, (c) 90.0”, (đ) 360.0”, and (e) 445°. Give as numer- 
1cal values and as fractions OŸ zr. 


. () The Sun subtends an angle of about Ú.5° to us on Earth, 


. 


150 million km away. Estimate the radius of the Sun. 

(DA laser beam ¡s directed at the Moon, 380,000 km from 
Earth. The beam diverges at an angle 9 (Eig. 8-40) of 
1.4 < 10”'rad. What diameter spot will 
1t make on the Moon? 


FIGURE 8-40 Problem 3. 


(D The blades in a blender rotate at a rate of 6500 rpm. 
When the motor 1s turned off during operation, the blades 
slow to rest in 4.0 s. What 1s the angular acceleration as the 
blades slow down? 


. (H) The platter of the hard drive of a computer roftates 


at 7200 rpm (rpm = revolutions per minute = rev/min). 
(2) What is the angular velocity (rad/s) of the platter? (b) If 
the reading head of the drive 1s located 3.00 cm from the 
rofation axis, what 1s the linear speed of the poïnt on the plat- 
ter just below 1t? (c) If a single bit requires 0.50 m of leneth 
along the direction of motion, how many bifs per second 
can the writing head write when it is 3.00 cm from the axIs? 
(I A child rolls a ball on a level floor 3.5m to another 
chĩld. If the ball makes 12.0 revolutions, what is its diameter? 


. (TI) (z) A grinding wheel 0.35m in diameter rotates at 


b 


h 


2200 rpm. Calculate its angular velocity in rad/s. (b) What 
are the linear speed and acceleration of a point on the 
edøge of the grinding wheel? 

I) A bicycle with tires 68 cm in diameter travels 9.2 km. 
How many revolutions do the wheels make? 

(H) Calculate the angular velocity (2z) of a clock”s second 
hand, (Đ) its minute hand, and (c) its hour hand. State in rad/s. 
(đ) What is the angular acceleration in each case? 

(H) A rotating merry-go-round makes one complete revo- 
lution in 4.0s (Fig. 8-41). (a) What ¡s the linear speed 
of a child seated 1.2m from the center? (b) What 1s her 
acceleration (give components)? 


222 CHAPTER8 Rotational Motion 


11. (I1 What 1s the linear speed, due to the Earth's rotation, 
of a point (2) on the equator, (b) on the Arctic Circle 
(latitude 66.5° N), and (c) at a latitude of 42.0° N? 


12. (II) Calculate the angular velocity of the Earth (z) in its 
orbif around the Sun, and (5) about 1ts aXIs. 


13. (I1) How fast (in rpm) must a centrifuse rotate 1Ÿ a particle 
8.0 cm from the axis Of rotation 1s to experlence an accel- 
eration of 100,000 g”s? 


14. (H) A 61-em-diameter wheel accelerates uniformly about Its 
center from 120rpm to 280rpm ¡in 4.0s. Determine (2) is 
angular acceleration, and (5) the radial and tangential 
components of the linear acceleration of a poïnt on the edgøe 
of the wheel 2.0 s after 1t has started accelerating. 


15 


(H) In traveling to the Moon, astronauts aboard the 
Apollo spacecraft put the spacecraft into a slow rotation to 
distribute the Sun”s energy evenly (so one side would not 
become too hot). At the start of their trip, they accelerated 
from no rofation to 1.0 revolution every minute during a 
12-mm time interval. Think of the spacecraft as a cylinder 
with a diameter of 8.5 m rofating about 1ts cylindrical axIs. 
Determine (2) the angular acceleration, and (Đ) the radial 
and tangential components of the linear acceleration of a 
point on the skin of the ship 6.0 min after 1t started this 
acceleration. 


16. (II) A turntable of radius #\ is turned by a circular rubber 
roller of radius ®; In contact with it at their outer edges. 


'What is the ratio of their angular velocities, œ1 /œ;? 


8-2 and 8-3 Constant Angular Acceleration; Rolling 


17. (I An automobile engine slows down from 3500 rpm to 
1200rpm 1n 2.5s. Calculate (ø) 1ts angular acceleration, 
assumed constant, and (b) the total number of revolutions 
the engine makes In this time. 


18. (I A centrifuge accelerates uniformly from rest to 15,000 rpm 
1n 240 s. Through how many revolutions dĩd it turn in this 
time? 

19. (1) Piots can be tested for the stresses of flying high-speed 

Jets In a whirling “human centrifuge,” which takes 1.0 min 

to turn through 23 complete revolutions before reaching 

1s final speed. (2) What was ifs angular acceleration 

(assumed constant), and (b) what was its final angular 

specd In rpm? 


20. (II) A cooling fan ¡s turned off when ¡ft ¡is running at 
850 rev/min. It turns 1250 revolutions before it comes to a 
stop. (2) What was the fan”s angular acceleration, assumed 
constant? (b) How long did ït take the fan to come to a 
complete stop? 
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(T) A wheel 31 em in diameter accelerates uniformly from 
240 rpm to 360rpm In 6.8s. How far will a point on the 
edge of the wheel have traveled In this time? 


22. (II) The tires of a car make 75 revolutions as the car 
reduces ifs speed uniformly from 95 km/h to 55 km/h. The 
tires have a diameter of 0.80 m. (2) What was the angular 
acceleration of the tires? If the car continues to decelerate 
at this rate, (5) how much more time 1s required for It to 
stop, and (c) how far does it go? 


23. (H) A small rubber wheel is used to drive a laree pottery 29. (II) Determine the net torque on 56N 
wheel. The two wheels are mounted so that their circular the 2.0-m-long uniform beam shown 
edges touch. The small wheel has a radius of 2.0 em and in Fig. 8-45. All forces are shown. 
accelerates at the rate of 7.2 rad/s”, and it is in contact with Calculate about (z) point C, the CM, 
the pottery wheel (radius 27.0 cm) without slipping. Calcu- and (ð) point P at one end. 
late (4) the angular acceleration of the pottery wheel, and 
(B) the time ït takes the pottery wheel to reach its required 65N 
speed of 65 rpm. 45 


8-4 Torque C 


24. (ID) A 52-kg person riding a bike puts all her weight on each 
pedal when climbing a hïlI. The pedals rotate In a circle of 
radius 17 em. (2) What 1s the maximum torque she exerts? 
(b) How could she exert more torque? P 


25. (H) Calculate the net torque about the axle of the wheel 
shown In Fig. §-42. Assume that a friction torque of FIGURE 8-45 Ỉ 58” 
0.60 m-N opposes the mofion. Problem 29. ' 


8-5 and 8-6 Rotational Dynamics 


30. (1) Determine the moment of inertia of a 10.8-kg sphere of 
radius 0.648 m when the axIs Of rotation 1s through 1s cenfer. 


28N 


3í. (1) Estimate the moment of inertia of a bicycle wheel 67 em 
in điameter. The rim and tire have a combined mass Of 


1.1 kg. The mass of the hub (at the center) can be ignored 


(why?). 
8N 32. (II A merry-go-round accelerates from rest to 0.68 rad/s 
FIGURE 8-42 Problem 25. in 34s. Assuming the merry-go-round is a uniform disk of 
radius 7.0 m and mass 31,000 kg, calculate the net torque 
26. (H) A person exerts a horizontal force of 42N on the end required to accelerate ït. 
of a door 96 em wide. What is the magnitude of the torque 33. (II An oxygen molecule consisfs of two oxyøen atoms whose 
1ƒ the force is exerted (2) perpendicular to the door and total mass is 5.3 < 10”? kg and whose moment of inertia 


(ð) at a 60.0 angle to the face of the door? about an axIs perpendicular to the line Joining the two atoms, 
midway between them, ¡s 1.9 x 10ˆ'“kg-m”. From these 


27. (II) TWwo blocks, eạch of mass zn, are attached to the ends đata, estimate the effective distance between the atoms. 


of a massless rod which pivots as shown In Fig. 8-43. 
Initially the rod 1s held in the horizontal position and then 
released. Calculate the magnitude and direction of the 
net torque on this system when it 1s first released. 


34 


(H) A grinding wheel is a uniform cylinder with a radius of 

8.50 cm and a mass of 0.380 kg. Calculate (2) 1ts momentf of 

inertia about Its center, and (b) the applied torque needed 

to accelerate 1t from rest to 1750 rpm 1n 5.00 s. Take into 

account a frictional torque that has been measured to slow 
b t #i % Si down the wheel from 1500 rpm to rest in 55.0 s. 

[“ ————= 35. (II) The forearm ¡in Fig. 8-46 accelerates a 3.6-kg ball at 
7.0 m/s” by means of the triceps muscle, as shown. Calcu- 
late (z) the torque needed, and 

FIGURE 8-43 Problem 27. (B) the force that must be exerted 
by the triceps muscle. Ignore the 
mass of the arm. 


28. (II) The bolts on the cylinder head of an engine require 
tightening to a torque of 95 m-N. Ifa wrench is 28 cm long, 36. (II) Assume that a 1.00-kg ball 


what force perpendicular to the wrench must the mechanic 1s thrown solely by the action 
exert at its end? TỶ the six-sided bolt head 1s 15 mm across of the forearm, which AxXis OŸ rotation 
(Eig. 8-44), estimate the force applied near each of the six rofates about the elbow 2.5cmr`~ (at elbow) 
points by a wrench. Joint under the action : b 
of the triceps muscle, Triceps 
- SE băm: : Hig. 8-46. The ball 1s Triiscle 


accelerated  uniformly 
from rest to 8.5m/s in 
0.38 s, at which poïnt 1t 
1s released. Calculate (z) the angular acceleration of the arm, 


FIGURE 8—46 
Problems 35 and 36. 


F 


on wrench 
Ể and (0) the force required of the triceps muscle. Assume 
ko ke: that the forearm has a mass of 3.7 kg and rotates like a uni- 
FIGURE 8-44 Problem 28. form rod about an axis at is end. 
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37. 


38. 


39 


40. 


4I. 


T) A soffball player swings a bat, accelerating 1t from rest 
to 2.6rev/s in a time of 0.20s. Approximate the bat as 
a 0.90-kg uniform rod of length 0.95 m, and compute the 
torque the player applies to one end of 1t. 

ID) A small 350-gram ball on the end of a thin, light rod 
1s rofated In a hor1zontal circle of radius 1.2m. Calculate 
(4) the moment of inertia of the ball about the center of 
the circle, and (b) the torque needed to keep the ball 
rofating at consfant angular velocIty 1Ÿ aIr resistance exerfs 
a force of 0.020N on the ball. Ipnore alr resistance on 
the rod and its moment of inertia. 

(H) Calculate the moment of inertia of the array of poinf 
objects shown In Eig. 8—47 about (a) the y axis, and (b) the 
xaxis. Assume # = 2.2 kg, Mí = 3.4 kg, and the objecfs are 
wired together by very light, rigid pIeces of wire. The array 
1s rectangular and 1s split throuph the middle by the x axIs. 
(c) About which axis would it be harder to accelerate this 
array? 


1.50m 


mg 


FIGURE 8-47 Problem 39. 


(H) A potter is shaping a bowl on a potter”s wheel rotating at 
constant angular velocity of 1.6 rev/s (Fig. 8-48). The friction 
force between her hands and the clay 1s 1.5 N total. (a) How 
large 1s her torque on the wheel, 1ƒ the điameter of the bowl 
1s 9.0 cm? (5) How long would it take for the potters wheel 
to stop 1Ý the only torque acting on 1t is due to the poffer”s 
hands? The moment of Inertia of the wheel and the bowl is 
0.11 kg: mẺ. 


FIGURE 8-48 
Problem 40. 


IU A dad pushes tangentially on a small hand-driven 
merry-go-round and ïs able to accelerate 1t from rest to a 
frequency of 15 rpm in 10.0 s. Assume the merry-go-round 
1s a uniform disk of radius 2.5 m and has a mass of 560 kg, 
and two children (each with a mass of 25 kg) sit opposite 
each other on the edge. Calculate the torque required 
to produce the acceleration, neglecting frictional torque. 
What force 1s required at the edge? 
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42. (II A 0.72-m-diameter solid sphere can be rotated about 


43. 


44 


45 


46. 


an axis through Its center by a torque of 10.8m-NÑ which 
accelerates It uniformly from rest through a total of 
160 revolutions in 15.0 s. What 1s the mass of the sphere? 
(II) Let us treat a helicopter rotor blade as a long thin 
rod, as shown ¡n Fig. 8-49. (z) If each of the three rotor 
helicopter blades 1s 3.75 m long and has a mass of 135 kg, 
calculate the moment of inertia of the three rotor blades 
about the axIs of rotation. (b) How much torque must the 
motor apply to bring the blades from rest up to a speed 
Of 6.0 rev/s in 8.0 s2 


FIGURE 8-49 s 
Problem 43. ⁄ 


(ID A centrifuge rotor rotating at 9200 rpm 1s shut off and 
1s eventually brought uniformly to rest by a frictional 
torque of 1.20 m-N. If the mass of the rotor is 3.10 kg and 
1t can be approximated as a solid cylinder of radius 
0.0710m, through how many revolutions will the rotor 
turn before coming to rest, and how long wIll it take? 

(H) To get a flat, uniform cylindrical satellite spinning at 
the correct rate, engineers fire four tangential rocketfs as 
shown In Hg. 8-50. Suppose that the satellite has a mass of 
3600 kg and a radius of 4.0m, and that the rockets each 
add a mass of 250 kg. What 1s the steady force required of 
each rocket If the satellite 1s to reach 32 rpm in 5.0 min, 
starting from rest? 


End view of 
cylindrical 
satellite 


FIGURE 8—50 
Problem 45. 


(HI) Two blocks are connected by a light string passing 
over a pulley of radius 0.15 m and moment of Inertla !. 
The blocks move (towards the right) with an acceleration 
of 1.00 m/s” along theïr frictionless inclines (see Fig. 8—51). 
(a) Draw free-body diagrams for each of the two blocks 
and the pulley. (b) Determine #rA and #rg, the tensions 
in the two parts of the string. (c) Find the net torque acting 
on the pulley, and determine I1fs moment of inertia, 7. 


a=1.00m/s2 - 
FTA 


47.(HI) An Anoood machine consists of two masses, 
mA = 65kg and ứmp = 75 kg, connected by a massless 
Inelastic cord that passes over a pulley free to rotate, 
Fig. 8-52. The pulley 1s a solid cylin- 
der of radius Ñ§ = 045m and mass “O3 
6.0 kg. (2) Determine the accelera- QC / 
tion of each mass. (b) What % error ì 
would be made I1f the moment of 
Inerta of the pulley is Ipnored? 1 


[Himr: The tensions #rA and #rpg are KrA, 

not equal. We discussed the Atwood 

machine In Example 4—13, assuming HẠ = 

1 = 0 for the pulley.] Fịp 


FIGURE 8-52 Problem 47. 
Atwood machine. Ề 


(II) A hammer thrower accelerates the hammer (mass = 
7.30 kg) from rest within four full turns (revolutions) and 
releases 1t at a speed of 26.5 m/s. Assuming a uniform rate 
Of Increase In angular velocity and a horizontal circular 
path of radius 1.20 m, calculate (2) the angular acceleration, 
(B) the (linear) tangential acceleration, (c) the centripetal 
acceleration just before release, (đ) the net force being 
exerted on the hammer by the athlete Just before release, 
and (e) the angle of this force with respect to the radius of 
the circular moftion. Ignore øravIty. 
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8-7 Rotational Kinetic Energy 

49. ( An automobile engine develops a torque of 265 m-N at 
3350 rpm. What is the horsepower of the engine? 

50. (I) A centrifupe rotor has a momen(t of inertia of 
3.25 x 10 ”kg-m°. How much energy is required to bring 
1t from rest to 8750 rpm? 

5í. (I) Calculate the translational speed of a cylinder when it 
reaches the foot of an Incline 7.20 m hiph. Assume It starfs 
from rest and rolls without slipping. 

52. (II) A bowling ball of mass 7.25 kg and radius 10.8 cm rolls 
without slipping down a lane at 3.10 m/s. Calculate its total 
kinetic energy. 

53. (II) Estimate the kinetic energy of the Earth with respect 
to the Sun as the sum of two terms, (2) that due to its daily 
rotation about its axis, and (b) that due to Its yearly revolu- 
tion about the Sun. [Assume the Earth is a uniform sphere 
with mass = 6.0 x 102 kg, radius = 6.4 X 105m, and is 
1.5 x 108 km from the Sun.] 
(H) A rotating uniform cylindrical platform of mass 220 kg 
and radius 5.5m slows down from 3.8 rev/s to rest in 16 s 
when the driving motor 1s disconnected. Estimate the power 
output of the motor (hp) required to maintain a steady 
speed of 3.8 rev/s. 
55. (II) A merry-go-round has a mass of 1440 kg and a radius 
of 7.50 m. How much net work 1s required to accelerate 1t 
from rest to a rotation rate of 1.00 revolution per 7.00 s? 
Assume It 1s a solid cylinder. 
(H) A sphere of radius r = 34.5cm and mass  = 1.80 kg 
starts from rest and rolls without slipping down a 30.0 
incline that ¡s 10.0m long. (z2) Calculate ifs translational 
and rotational speeds when 1t reaches the bottom. (b) What 
1s the ratio of translational to rotational kinetic energy at 
the bottom? Avoid putting in numbers until the end so you 
can answer: (c) do your answers ïn (z) and (5) depend on 
the radius of the sphere or 1ts mass? 
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56 


Đm: 


59. 


(HI) A ball of radius r rolls on the inside of a track of 
radius # (see Fig. 8-53). If the ball starts from rest at the 
vertical edge of the track, what wIll be is speed when 1t 
reaches the lowest point of the track, rolling without 


slipping? 


FIGURE 8-53 Problem 57. 


(H) Two masses, zmA = 32.0 kg and rmp = 38.0 kg, are con- 
nected by a rope that hangs over a pulley (as in Fig. 8-54). 
The pulley 1s a uniform cylinder of radius ® = 0.311m 
and mass 3.1 kg. Initially ma 1s on 
the ground and #g rests 2.5m 
above the ground. If the system 
1s released, use conservation of 
energy to determine the speed 
Of p just before it strikes the 
øround. Assume the pulley bearing 
1s [rictlonless. 


FIGURE 8-54 
Problem 58. 


(M) A 1.80-m-long pole ¡is balanced vertically with ifs tip 
on the pround. It starfs to fall and 1ts lower end does not sÏIp. 
What will be the speed of the upper end of the pole Just 
before it hits the ground? [Hní: Use conservation of energy.] 


8-8 Angular Momentum 


ó0. 


61. 


@&. 


(D What is the angular momentum of a 0.270-kg ball revolv- 
ng on the end of a thin string In a circle of radius 1.35 m at 
an angular speed of 10.4 rad/s? 

(Ð (z) What 1s the angular momentum of a 2.8-kg uniform 
cylindrical grinding wheel of radius 28 cm when rofating at 
1300rpm? (b) How much torque 1s required to stop it in 
6.0 s? 

(H) A person stands, hands at his side, on a platform that 
1s rotating at a rate of 0.90 rev/s. If he raises his arms to a 
horizontal positon, Fig. 8-55, the speed of rotation 
decreases to 0.60 rev/s. (z) Why? (b) By what factor has 
his moment of inertia changed? 


FIGURE 8—55 
Problem 62. 
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63. 


64. 


65. 


66. 


G1. 


68. 


69. 


(HI) A nonrotating cylindrical disk of moment of Inertia ƒ 
1s dropped onto an identical disk rotating at angular 
speed œ. Assuming no external torques, what is the final 
common angular speed of the two disks? 


(HA diver (such as the one shown ïn Fig. 8-28) can reduce 
her moment ofinertia by a factor of about 3.5 when changing 
from the straight position to the tuck position. If she makes 
2.0 rotations In 1.5 s when In the tuck position, what ¡is her 
angular speed (rev/s) when ¡in the straight position? 


(I) A figure skater can increase her spin rotation rate 
from an Initial rate of 1.0 rev every 1.5 s to a final rate of 
2.5 rev/s. If her initial moment of inertia was 4.6 kg: m”, 
what Is her final moment of inertia? How does she physi- 
cally accomplish this change? 


(T) (2) What is the angular momentum of a figure skater 
spinning at 3.0rev/s with arms ¡in close to her body, 
assuming her to be a uniform cylinder with a height of 
1.5m, a radius of 15 cm, and a mass of 48kg? (b) How 
much torque 1s required to slow her to a stop In 4.05, 
assuming she does ø/ move her arms? 


(H) A person of mass 75 kg stands at the center of a rotating 
merry-go-round platform of radius 3.0m and moment of 
inerta 820 kg-m”. The platform rotates without friction 
with angular velocity 0.95 rad/s. The person walks radially 
to the edge of the platform. (z) Calculate the angular 
velocity when the person reaches the edge. (b) Calculate 
the rotational kinetic energy of the system of platform plus 
person before and after the person”s walk. 


I) A potter's wheel 1s rotating around a vertical axIs 
through its center at a frequency of 1.5 rev/s. The wheel 
can be considered a uniform disk of mass 5.0 kg and diam- 
eter 0.40m. The potter then throws a 2.6-kø chunk of clay, 
approximately shaped as a flat disk of radrius 7.0 em, onfo 
the center of the rotating wheel. What 1s the frequency 
Of the wheel after the clay stIcks to 1(2 Ignore friction. 


(I) A 4.2-m-diameter merry-go-round 1s rotating freely 
with an angular velocity of 0.80 rad/s. Its total moment 
of inertia is 1360 kg-m”. Four people standing on the 
sround, each of mass 65 kg, suddenly step onto the edge 
of the merry-go-round. (z) What is the angular velocity of 
the merry-go-round now? (5) What if the people were on ïf 
Initially and then jumped off in a radial direction (relative 
to the merry-go-round)? 


70. 


TẾ, 


72. 


73. 


74. 


(HT) A uniform horizontal rod of mass M⁄ and length £ rotates 
with angular velocity œ about a vertical axis through its 
center. Attached to each end of the rod is a small mass z. 
Determine the angular momentum of the system about the 
aXIsS. 


(H) Suppose our Sun eventually collapses into a white dwarf, 
losing about half its mass in the process, and winding up 
with a radius 1.0% of its existing radius. Assuming the lost 
aSS carries away no angular momentum, (z) what would the 
Sun's new roftation rate be? Take the Sun”s current period to 
be about 30 days. (b) What would be 1(s final kinetic energy 
1n terms 0Ý is Iinitial kinetic energy of today? 


(TI) A uniform disk turns at 3.3 rev/s around a frictionless 
central axis. A nonrotating rod, of the same mass as the disk 
and length equal to the disk's 

diameter, ¡is dropped onto the 

freely spinning disk, Fig. 8-56. 

They then turn together around ⁄2 

the axis with their centers 
superposed. What ¡s the angular 
frequency ¡in rev/s of the 
combination? 


FIGURE 8—56 
Problem 72. 


(II) An asteroid of mass 1.0 < 10” kg, traveling at a speed 
of 35 km/s relative to the Earth, hits the Earth at the equa- 
tor tangentially, in the direction of Earth”s rotation, and 
1s embedded there. Use angular momentum to estimate 
the percent change In the angular speed of the Earth as a 
result of the collision. 


*8-9_ Angular Quantities as Vectors 


HH) Suppose a 6Š5-kg person stands at the edge of a 5.5-m 
diameter merry-go-round turntable that is mounted on 
frictionless bearings and has a moment of inertia of 
1850 kg - m”. The turntable is at rest initially, but when the 
person begins running at a speed of 4.0 m/s (with respect 
to the turntable) around its edge, the turntable begins to 
rotate In the opposite direction. Calculate the angular 
velocity of the turntable. 


Ï General Problems 


xộc 


76. 


A merry-go-round with a moment of Iinertia equal to 
1260 kg- m and a radius of 2.5m rotates with negligible 
friction at 1.70 rad/s. A child initially standing still next to 
the merry-go-round Jjumps onto the edge of the platform 
straipht toward the axIs Of rotation, causing the platform to 
slow to 1.35 rad/s. What is her mass? 


A 1.6-kg grindstone in the shape of a uniform cylinder of 
radius 0.20m acquires a rotational rate of 24rev/s from 
rest over a 6.0-s Interval at constant angular acceleration. 
Calculate the torque delivered by the motOr. 
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On a 12.0-cm-diameter audio compact disc (CD), digital 
bits of Informatlon are encoded sequentially along an 
outward spiralng path. The spiral starts at radius 
Ñị = 25cm and winds its way out to radius ®a = 5.8 cm. 
To read the digital information, a CD player rotates the 
CD so that the players readout laser scans along the 
spirals sequence of bits at a constant linear speed of 
1.25 m/s. Thus the player must accurately adjust the rota- 
tional frequency ƒ of the CD as the laser moves outward. 
Determine the values for ƒ (mn units of rpm) when the 
laser 1s located at #¡ and when 1t is at R›. 


78. (a) A yo-yo is made of two solid cylindrical disks, each of 
mass 0.050 kg and diameter 0.075 m, joined by a (concen- 
tric) thin solid cylindrical hub of mass 0.0050 kg and 
điameter 0.013 m. se conservaftion of energy to calculate 
the linear speed of the yo-yo Just before 1t reaches the end 
of ifs 1.0-m-long string, 1 it is released from rest. (b) What 
[raction of 1ts kinetic energy 1s rotatlonal? 

A cyclist accelerates from rest at a rate of 1.00 m/s”. How 
fast will a point at the top of the rim of the tire 
(diameter = 68.0cm) be moving after 2.25s? [Himr: At 
any moment, the lowest point on the tire 1s In contact with 
the ground and is at rest—see Fig. 8—57.] 


79. 


FIGURE 8—57 
Problem 79. 


This poïnt on tire 
at rest momentarily 


80. Suppose David puts a 0.60-kg rock into a sling of length 
1.5m and begins whirling the rock in a nearly horizontal 
circle, accelerating 1t [rom rest to a rate of 75 rpm after 
5.0s. What is the torque required to achieve this feat, and 
where does the torque come from? 

Bicycle gears: (2z) How is the angular velocity œp Of the 
rear wheel of a bicycle related to the angular velocIty œpg 
of the front sprocket and pedals? Let Mr and Wạ be the 
number of teeth on the front and rear sprockets, respec- 
tively, Eig. S—58. The teeth are spaced the same on both 
sprockefs and the rear sprocket 1s firmly attached to the 
rear wheel. (5) Evaluate the ratio œ@g/e; when the front 
and rear sprockets have 52 and 13 teeth, respectively, and 
(c) when they have 42 and 28 teeth. 


8 


( 
Min 


FIGURE 8-58 
Problem 61. 


82. Eigure 8—59 illustrates an HạO molecule. The O — H bond 
length is 0.096 nm and the H—O—H bonds make an 
angle of 104°. Calculate the moment of inertia of the HạO 
molecule (assume the atoms are points) about an 
axIs passing through the center of the oxygen 
atom (z) perpendicular to the plane of the 
molecule, and () in the plane of the molecule, 


bisecting the H——O—— H bonds. 104° 


FIGURE 8-59 
Problem 82. 


83. A hollow cylinder (hoop) 1s rolling on a hor1zontal surface 
atspeed ø = 3.0 m/s when it reaches a 15° incline. (z) How 
far up the incline will it go? (b) How long wIll it be on the 
Incline before 1t arrives back at the bottom? 

84. Determine the angular momentum of the Earth (2) about 
1{s rofation axis (assume the Earth ¡1s a uniform sphere), 
and (ð) in its orbit around the Sun (treat the Earth as a 
particle orbiting the Sun). 


$5. A wheel of mass Mí has radius #. It is standing vertically on 
the floor, and we want to exert a hor1zontal force #' at Its axle 
so that it wIll climb a step against which 1t rests (Fig. 8—60). 
The step has heipht h, where  < ®. What minimum force # 
1s needed? 


FIGURE 8-60 Problem 85. 


$6. If the coefficlent of statIc friction between a car”s tires and 
the pavement is 0.65, calculate the minimum torque that 
must be applied to the 66-cm-diameter tire of a 1080-kg 
automobile in order to “lay rubber” (make the wheels spin, 
slipping as the car accelerates). Assume each wheel supports 


an equal share of the weight. 


87. A 4.00-kg mass and a 3.00-kg mass are attached to opposite 
ends of a very lipght 42.0-cm-long horizontal rod (Fig. 8-61). 
The system is rotating at angular speed œ = 5.60rad/s 
about a vertical axle at the center of the rod. Determine 
(a) the kinetic energy KE of the system, and (0b) the net 
force on each mass. 

ö 


4.00 kg “ha 


FIGURE 8-61 Problem 87. 


8§. A small mass 7 attached to the end of a string revolves in a 
circle on a frictionless tabletop. The other end of the string 
passes through a hole ¡in the table (Eig. 8-62). Initially, 
the mass revolves with a speed œ¡ = 2.4m/s in a circle 
of radius r¡ = 0.80m. The string is then pulled slowly 
through the hole so that the radius is reduced to r; = 0.48 m. 
What 1s the speed, ø;, of the mass now? 


FIGURE 8-62 
Problem 88. 
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89. A uniform rod of mass ấ⁄ and length £ can pivot freely 


90. 


91. 


92. 


ĐÀO 


. 


(i.e., we Ignore friction) about a hinge attached to a wall, 
as In Fig. 6-63. The rod ¡s held horizontally and then 
released. At the moment of release, determine (2) the angular 
acceleration of the rod, and (ð) the linear acceleration 
of the tip of the rod. Assume that the force oŸ øravity 
acts at the center of mass of the rod, as shown. [Hmr: See 
Fig. 8-20g.] 


s f = 


CM 
c—— —'\ 
2 


Mỹ 


FIGURE 8-63 
Problem 89. 


Suppose a sfar the size of our Sun, but with mass 8.0 times 
as øreaft, were rofating at a speed of 1.0 revolution every 
9.0 days. I it were to undergo gravitational collapse to a 
neutron star of radius 12 km, losing 3 of its mass in the pro- 
cess, what would 1ts rotation speed be? Assume the sfar 1s a 
uniform sphere at all times. Assume also that the thrown- 
Off mass carrles off either (2) no angular momentum, or 
(b) its proportional share (3) of the initial angular momentum. 


A large spool of rope rolls on the ground with the end of 
the rope lying on the top edge of the spool. A person ørabs 
the end of the rope and walks a distance £, holding onto it, 
Fig. 8-64. The spool rolls behind the person 
without slipping. What length of rope unwinds 
from the spool? How far 

does the spool's center of 

mass move? 

FIGURE 8-64 © 
Problem 91. 


The Moon orbits the Earth such that the same side always 
faces the Earth. Determine the ratio of the Moon”s spin 
angular momentum (about is own axis) to its orbital angu- 
lar momentum. (In the latter case, treat the Moon as a 
particle orbiting the Earth.) 


A spherical asteroid with radius r = 123m and mass 
M = 2.25 x 10!0kg rotates about an axis at four revolu- 
tions per day. A “tug” spaceship 
attaches Itself to the asteroid”s 
south pole (as defined by the 

aXis Of rotation) and fires 
1š engine, applying a 
force # tangentially to 
the asteroid”s surface as 
shown In Fig. 8-65. IỶ 
F=255N, how long 
wIl It take the tug to 
rotate the asteroids 
axIs Of rotation through 
an angle of 5.0° by this 
method? 


LẦN li, 


r=123m 


FIGURE 8—65 
Problem 93. 
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96, 


Most of our Solar System”s mass 1s contained in the Sun, 
and the planets possess almost all of the Solar System”s 
angular momentum. This observation plays a key role In 
theories attempting to explain the formation of our Solar 
System. Estimate the fraction of the Solar System's total 
angular momentum that 1s possessed by planets using a 
simplified model which includes only the large outer plan- 
ets with the most angular momentum. The central Sun 
(mass 1.99 < 100 kg, radius 6.96 x 10Ÿm) spins about its 
axis once every 25 days and the planets Jupiter, Saturn, 
Uranus, and Neptune move in nearly circular orbits 
around the Sun with orbital data given In the Table below. 
Ignore each planet”s spin about Its own axIs. 


Mean Distance rom Orbital Period Mass 
Planet — Sun (x 10km) (EarthYears) (x 10? kg) 
Jupiter 778 11.9 190 
Saturn 1427 29.5 56.8 
Uranus 2870 84.0 8.68 
Neptune 4500 165 10.2 
Water drives a waterwheel (or turbine) of radius ® = 3.0m 


as shown 1m Elig. 6-66. The water enters at a speed 
ị = 70m/s and exits from the waterwheel at a speed 
1 = 3.8m/s. (ø) If 85kg of water passes throuph per 
second, what 1s the rate at which the water delivers angu- 
lar momentum to the waterwheel? (b) What is the torque 
the water applies to the 
waterwheel? (c) If the water 
causes the waterwheel to 
make one revolution every 
5.5s, how much pOW€T IS 
delivered to the wheel? 


FIGURE 8—66 
Problem 95. 


The radius of the roll of paper shown In EHig. 8-67 1s 
7.6 cm and its moment of inertia is 7 = 3.3 x 10”3kg-m/. 
A force of 3.5N is exerted on the end of the roll for 
1.3s, but the paper does not tear so 1t begins to unroll. 
A constant friction torque of 0.11m-N 1s exerted on the 
roll which pradually brings It to a stop. Assuming that the 
papers thickness is negligible, calculate (z) the length of 
paper that unrolls during the time that the 

force is applied (1.3 s) and (5) the length 
of paper that unrolls from the time the 
force ends to the time when the roll 
has stopped moving. 


FIGURE 8—67 
Problem 96. 
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Why are Eqs. 8-4 and 8-5 valid for radians but not for 
revolutions or degrees? Read Section 8-1 and follow the 
derivations carefully to find the answer. 


Tofal solar eclipses can happen on Earth because of 
amazing coincidences: for one, the sometimes near-perfect 
aligpnment of Earth, Moon, and Sun. Secondly, using the 
1nformation Inside the front cover, calculate the angular 
diameters (in radians) of the Sun and the Moon, as seen 
from Earth, and then comment. 


Two uniform spheres simultaneously start rolling (from resf) 
down an incline. One sphere has twice the radius and twice 
the mass of the other. (z) Which reaches the bottom of the 
incline first? (b) Which has the greater speed there? (c) Which 
has the greater total kinetic energy at the bottom? Explain 
VOUT anSWeTS. 


A bicyclist traveling with speed ø = 8.2m/s on a flatroad 
1s making a turn with a radius r = 13m. There are three 
Íorces acting on the cyclist and cycle: the normal force (EN) and 
[riction force (E:,) exerted by the road on the tires; and 7ÿ, 
the total weight of the cyclist and cycle. Ignore the small 
mass of the wheels. (z) Explain carefully why the angle 0 
the bicycle makes with the vertical (Fig. 8-68) must be 
øiven by tan 0 = ty/FN 1ƒ the cyclist is to maintain balance. 
(b) Calculate Ø for the values given. [Hn: Consider the 
“circular” translational motion of the bicycle and rider.] 
(c) If the coefficlent of static friction between tires and road 
1S „s = 0.65, what is the minimum turning radius? 


Fi, 
(b) 
FIGURE 8-68 Search and Learn 4. 


ANSWERS TO EXERCISES 
A: ƒ = 0.076Hz; 7 = 13s. 

B: Eạ. 

C: (c). 


¬Š 


kIỗ 


Model a figure skater's body as a solid cylinder and her 
arms as thin rods, making reasonable estimates for the dimen- 
sions. Then calculate the ratio of the angular speeds for a 
spinning skater with outstretched arms, and with arms held 
tighdly against her body. Check Sections 8-5 and 8-8. 


. One possibility for a low-pollution automobile 1s for 1t to 


use energy s(ored In a heavy rotating flywheel. Suppose 
such a car has a total mass of 1100 kg, uses a uniform cylin- 
drical flywheel of diameter 1.50m and mass 270 kg, and 
should be able to travel 350 km without needing a flywheel 
“spinup.” (4a) Make reasonable assumptions (average Íric- 
tional retarding force on car = 450N, thirty acceleration 
periods from rest to 95 km/h, equal uphill and downhill, and 
that energy can be put back into the flywheel as the car øOes 
downhill), and estimate what total energy needs to be 
stored in the flywheel. (5) What is the angular velocity of the 
flywheel when It has a full “enerey charee”? (c) About how 
long would 1t take a 150-hp motor to give the flywheel a full 
energy charge before a trip? 


A person stands on a platform, Initially at rest, that can 
rotate freely without friction. The moment of inertia of the 
person plus the platform 1s /p. The person holds a spinning 
bicycle wheel with 1ts axis hor1zontal. The wheel has moment 
of Iinertia /w and angular velocity œw. What wIll be the 
angular velocity œøp of the platform If the person moves 
the axis of the wheel so that it points (2) vertically upward, 
(b) at a 60° angle to the vertical, (c) vertically downward? 
(đ) What will œp be If the person reaches up and stops the 
wheel in part (4)? See Sections 8-8 and 8-9. 


D: Yes; she does work to pull in her arms. 
E: (0). 
E: (0). 
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Our whole built environment, 
from modern bridges to 
skyscrapers, has required 
architects and engineers to 
determine the forces and 
sfresses within these s(rucfures. 
The objJect 1s to keep these 
structures standing, or 
“statilc”——that is, not 1n 
motion, especially not falling 
down. 

The study of statIics applies 
equally well to the human 
body, including balance, the 
forces in muscles, Joinfs, and 
bones, and ultimately the 
possIbility of fracture. 


CONTENTS 
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Static Equilibrium; 
Elasticity and Fracture 


CHAPTER-OPENING QUESTION—Guess now! 


The diving board shown here 1s held by two supports at A and B. 
'Which statement 1s true about the forces exerted øw the diving board 
at A and B2 
(a) Ể, is down, Ê§ is up, and 7% is larger than ƑA. 
(b) Both forces are up and #$ 1s larger than #4. 
(e) Ể, is down, Ê§ is up, and Ƒ„ is larger than #ạ. 
(d) Both forces are down and approximately equal. 
(e) Fp 1s down, Fu 1S up, and they are equal. 


and the net torque on an object, or system of objects, are both zero. In this 

case both the linear acceleration and the angular acceleration ofthe obJect or 
system are zero. The oblect 1s either at resf, Or 1s cenfer Of mass 1S moving at con- 
stant velocity. We will be concerned mainly with the first situation, in which the 
object or objects are all at rest, or s/zc (= not moving). 

The net force and the net torque can be zero, but this does not imply that no 
forces at all act on the obJectfs. In fact 1t is virtually Impossible to find an object on 
which no forces act. Just how and where these forces act can be very Important, 
both for buildings and other structures, and in the human body. 

Sometimes, as we shall see in this Chapter, the forces may be so great that 
the object 1s serlously đeformed, or 1t may even ƒ?acíure (break)——and avoiding 
such problems gives this field of s/2//cs even øreafter importance. 


| n this Chapter, we will study a special case in mechanics——when the net force 


Sfafics 1s concerned with the calculation of the forces acting on and within 
structures that are In eqguilibriưmn. Determination of these forces, which occuples 
us In the first part of this Chapter, then allows a determination of whether the 
strucftures can sustain the forces without significant deformation or fracture, sub- 
Jects we discuss later in this Chapter. These techniques can be applied in a wide 
range of fields. Architects and engineers must be able to calculate the forces on 
the structural components of buildings, bridges, machines, vehicles, and other 
strucftures, since any material will buckle or break 1f too much force 1s applied 
(Eig. 9-1). In the human body a knowledge of the forces in muscles and JoInfs 1s 
Of great value for doctors, physical therapists, and athletes. 


9—]I The Conditions for Equilibrium 


Objectfs in daily life have at least one force acting on them (gravity). IÝ they are at 
rest, then there must be other forces acting on them as well so that the net force 1s 
zero. A book at rest on a table, for example, has two forces acting on 1t, the 
downward force oŸ gravity and the normal force the table exerts upward on 1t 
(Eig. 9-2). Because the book ïs at rest, Newton”s second law tells us that the net 
force on 1t 1s zero. Thus the upward force exerted by the table on the book must 
be equal in magnitude to the force of gravity acting downward on the book. Such 
an object 1s said to be in equilibrium (Latin for “equal forces” or “balance”) 
unđer the action of these two forces. 

Do not confuse the two forces In Eig. 9—2 with the equal and opposIte forces 
ofNewton*s third law, which act on different obJects. In Eig.9—2 , both forces act on the 
same obJectf; and they happen to add up to Zero. 


Straightening teeth. The wire band shown in Eig. 9—3a has 
a tension + of2.0N along 1t. It therefore exerts forces of 2.0N on the high- 
lighted tooth (to which it is attached) in the two directions shown. Calculate the 
resultant force on the tooth due to the wrre, ạ. 


(a) 


APPROACH Since the two forces # are equal, their sum will be directed along 
the line that bisects the angle between them, which we have chosen to be the 
y axIs. The x components of the two forces add up to Zero. 


SOLUTION The ycomponent of each force 1s (2.0 N)(cos 70°) = 0.68N: adding 
the two together, we get a resultant force # = 1.4N as shown mm FEig. 9—3b. 
We assume that the tooth 1s in equilibrium because the gums exert a nearly 
equal magnitude force in the opposite direction. Actually that 1s not quite so 
since the objJective 1s to move the tooth ever so slowly. 


NOTE Tf the wire 1s firmly attached to the tooth, the tension to the right, say, 


can be made larger than that to the left, and the resultant force would corre- 
spondingly be directed more toward the right. 


# ` Ă< he 


FIGURE 9-1 Elevated walkway 
collapse In a Kansas City hotelin 1961. 
How a simple physics calculation could 
have prevented the tragic loss OŸ over 
100 lives 1s considered in Example 9—12. 


FIGURE 9-2 The book is ¡in equilib- 
rium; the net force on If Is zero. 


Normal force 


GTavIty 


FIGURE 9-3 Forces on a tooth. 
Example 9—1. 
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FA J7} 
60°\W % 


(b) FAx 
FIGURE 9-4 Example 9-2. 


FIGURE 9-5 Although the net force 
On 1 is zero, the ruler will move 
(rotate). A pair of equal forces acting 
1n opposite directions but at đifferent 
points on an object (as shown here) is 
referred to as a couple. 
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The First Condition for Equilibrium 


For an object to be at rest, Newton”s second law tells us that the sum of the forces 
acting on 1t must add up to zero. Since force 1s a vector, the componentfs of the 
net force must each be zero. Hence, a condition for equilibrium 1s that 


SF\, =0, Xi. mŨ Sứ, = 0. (9-1) 


W©e will mainly be dealing with forces that act in a plane, so we usually need only 
the x and y components. We must remember that 1Ÿ a particular force component 
poinfs along the negative x or y axIs, it must have a negative sign. Equations 9—1 
represent the first condidion for equilibrium. 

We saw In Chapter 4 that to solve Problems Involving forces, we need to draw 
a free-body diagram, indicating all the forces on a g1ven object (see Section 4-—7). 


EXAMPLE 9-2 | Chandelier cord tension. Calculate the tensions Ê. and Ê› 
1n the two cords that are connected to the vertical cord supporting the 200-kg 
chandelier In Eig. 9—4. Ignore the mass of the cords. 


APPROACH We need a free-body diagram, but for which object? If we choose 
the chandelier, the cord supporting 1t must exert a force equal to the chande- 
liers weight mg = (200 kg)(9.80 m/s?) = 1960N. But the forces E„ and E; don't 
get mmvolved. Instead, let us choose as our object the point where the three 
cords Join (it could be a knot). The free-body diagram is then as shown in 
Fig. 9-4a. The three forces—Fa,, Ês, and the tension in the vertical cord equal 
to the weight of the 200-kg chandelier——act at this point where the three cords 
Jom. For this Junction point we write >#¿ = 0 and SF, = 0, since the problem 
is laid out in two dimensions. The directions of Ể and Ê; are known, since 
tension In a cord can only be along the cord——any other direction would cause 
the cord to bend, as already pointed out in Chapter 4. Thus, our unknowns are 
the magmitudes #2 and #s§. 


SOLUTION We first resolve Ê, into its horizontal (x) and vertical (y) compo- 
nents. Although we don't know the value of FA, we can write (see Fig. 9—4b) 
FAxy = —FA cos60° and FAy = F2 sin 607. Ep has only an x component. In the 
vertical direction, we have the downward force exerted by the vertical cord 
equal to the weight of the chandelier zz = (200 kg)(g), and the vertical com- 
ponent of A upward: 


*F, = 0 
FA sin 60° — (200 kg)(g) = 0 
SO 
200 k 
FA = —- = (23lkg)g = (231kg)(9.80m/s”) = 2260N. 


In the hor1zontal direction, with >¿ = 0, 
XE, = Fg— FAcos60° = 0. 
Thus 
Fg = Facos6ó0° = (231ke)(g)(0.500) = (115kg)g = 1130N. 


The magnitudes of Ê, and F; determine the strength of cord or wire that must be 
used. In this case, the cord must be able to support a mass of more than 230 kg. 


NOTE We didn't insert the value of ø, the acceleration due to gravity, until the 
end. In this way we found the magnitude of the force 1n terms of ø times the 
number of kilograms (which may be a more familiar quantity than newton§). 


EXERCISE A In Example 9—2, ƑA has to be greater than the chandelier's weight, mg. 
'Why? 


The Second Condition for Equilibrium 


Although Eqs. 9—1 are a necessary condition for an obJect to be in equilibrium, 
they are not always a sufficlent condition. Figure 9—5 shows an obJect on which 
the net force is zero. Although the two forces labeled  add up to give zero net 
force on the obJect, they do give rise to a net torque that wIll rotate the obJect. 


Referring to Eq. 8—14, Šzr = Tøœ, we see that 1f an ob]Ject 1s to remain at rest, the 
net torque applied to it (calculated about ay axis) must be zero. Thus we have 
the second condition for equilibrium: that the sum of the ftorques acting on an 
obJect, as calculated about any axis, must be zero: 


SXr = Ú. (9-2) 


Thịs condition will ensure that the angular acceleration, œ, about any axis will 
be zero. If the object is not rotating initially (œ = 0), it will not start rotating. 
Equations 9—1 and 9—2 are the only requirements for an obJect to be in equilibrrum. 

W© will mainly consider cases in which the forces all act in a plane (we call it 
the xy plane). In such cases the torque is calculated about an axIs that 1s perpen- 
đicular to the xy plane. 7e choice öoƒ this axis is arbitrary. TỶ the object 1s at rest, 
then r = 0 1s valid about any axis. Therefore we can choose any axis that 
makes our calculation easler. Once the axis 1s chosen, all torques must be calcu- 
lated about that axis. 


CONCEPTUAL EXAMIPLE 9-3 | A lever. The bar in Fig. 9—6 1s being used 


as a lever to pry up a large rock. The small rock acts as a fulcrum (pivot poïnt). 
The force Ƒb requrred at the long end of the bar can be quite a bit smaller than 
the rock's weight 7g, since 1t 1s the /orgues that balance In the rotation about 
the fulcrum. If, however, the leverage 1sn't sufficient, and the large rock 1sn't 
budged, what are two ways to Increase the lever arm? 


RESPONSE One way ïs to Increase the lever arm of the force Ƒp by slipping a 
pIpe over the end of the bar and thereby pushing with a longer lever arm. 
A second way 1s to move the fulcrum closer to the large rock. This may change 
the long lever arm ® only a little, but it changes the short lever arm r by a 
substantial fraction and therefore changes the ratio of ®/r dramatically. In order 
to pry the rock, the torque due to #b must at least balance the torque due to zng; 
that 1s, mgr = FpR and 


AT 


R 1E 
With r smaller, the weipht mg can be balanced with less force Ƒp. The ratio R/r 
1s the mechanical advantage of the system. A lever 1s a “simple machine.” We 
discussed another sinple machine, the pulley, in Chapter 4, Example 4—14. 


EXERCISE B For simplicity, we wrote the equation in Example 9—3 as if the lever were 
perpendicular to the forces. Would the equation be valid even for a lever at an angle as 
shown in Fig. 9—6? 


9-2 Solving Statics Problems 


The subject of stafics 1s Important because 1t allows us to calculate certain forces 
on (or within) a structure when some of the forces on it are already known. We 
will mainly consider situations in which all the forces act in a plane, so we can 
have two force equations (x and y componenfts) and one torque equation, for a 
total of three equations. Of course, you do not have to use all three equations 1f 
they are not needed. When using a torque equation, a torque that tends to roftafe 
the object counterclockwise 1s usually considered positive, whereas a torque that 
tends to rotate it clockwise 1s considered negative. (But the opposite convenfion 
would be OK too.) 

One of the forces that acts on obJects 1s the force oŸ gravity. As we discussed 
in Section 7-8, we can consider the force of øravity on an object as acting at 1fs 
cenfer of gravity (CG) or center of mass (CM), which for practical purposes are the 
same point. For uniform symmetrically shaped objects, the CG 1s at the geometric 
center. For more complicated obJects, the cG can be determined as discussed 
1n Section 7-8. 


SECTION 9-2 


$*CAUTION 


Axis choice for 3T = Ú is arbifrary. 


AII torques must be calculated 
about the same axis. 
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FIGURE 9-6 Example 9—3. A lever 


can “multiply” your force. 


7T > Ö counterclocktuise 
7T < 0Ö clockise 
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jỂ|pnosLeM SOLVING 


233 


“ự 
~ 


œ 
®©) 
S4 
œ 


QoLVIMC 


There 1s no single technique for attacking statics problems, but the following 
procedure may be helpful. 


Statics 


1. Choose one obJect at a time for consideration. Make 


a careful free-body điagram by showing all the forces 
acting on that object, Including gravity, and the poinfs 
at which these forces act. IỶ you arent sure of the 
direction of a force, choose a direction; 1ƒ the actual 
đirection of the force (or component Of a ÍOrce) 1S ODPO- 
site, your eventual calculation will give a result with a 


4. For the forque equafion, 
ra = Ô, 


choose any axis perpendicular to the xy plane that 
might make the calculation easler. (For example, you 
can reduce the number of unknowns In the resulting 
equation by choosing the axis so that one of the 
unknown forces acts through that axis; then this force 
wIll have zero lever arm and produce zero torque, and 


mninus sign. 


and 
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Balancing a seesau 


FIGURE 9-7 (a) Two children on a 


2. Choose a convenient coordinate syséem, and resolve 
the forces into their components. 


3. Using letters to represent unknowns, write down the 
equilibrium equations for the forces: 


assuming all the forces act In a plane. 


EXAMPLE 9-4 


as a seesaw for two children, as shown in Eig. 9—7a. Child A has a mass of 30 kg 
and sits 2.5 m from the pivot point, P (his center of gravity 1s 2.5 m from the 
pIvot). At what distance x from the pivot must child B, of mass 25 kg, place herself 
to balance the seesaw? Assume the board 1s uniform and centered over the pIvot. 


SO WOn”t appear in the torque equation.) Pay careful 
aftention to determining the lever arm for each force 
correctly. Give each torque a + or — sign to Indicate 
torque direction. For example, 1Ÿ torques tending 
to rofate the obJect counterclockwise are posIfIve, 
then those tending to rofate 1t clockwiIse are negative. 


5. Solvye these equations for the unknowns. Three equa- 
tions allow a maximum ofthree unknowns to be solved 
for. They can be forces, đistances, or even angles. 


Balancing a seesaw. A board of mass M⁄ = 4.0 kg serves 


APPROACH We follow the steps of the Problem Solving Strategy above. 
SOLUTION 


1. 


Eree-body diagram. We choose the board as our obJect, and assume 1t 1s hor- 
1zontal. Its free-body diagram is shown 1n Eig. 9—7b. The forces acting on the 
board are the forces exerted downward on 1t by each chĩld, F¿ and Ê;, the 
upward force exerted by the pivot E¡, and the force of gravity on the board 
( M§) which acts at the center of the uniform board. 


„ Coordinafe sys(em. We choose y to be vertical, with positive upward, and x 


horizontal to the right, with origin at the pivot. 


. Force equafion. All the forces are In the y (vertical) direction, so 


>Fy = 0 
ŸN— mA§ — mpụg — Mg = 0, 


where ỨA = 7.g and  = mpg. 


nẠ = 30 kg | mg = 25 kg 
y 


+'Torque ( -$ mƒ——$ y Torque 
(a) 


seesaw, Example 9-4. (b) Free-body 


diapram of the board. 


P ÏMg = 
(b) F.= mẠỹ = 1p 


(4.0kg)8 „ 
Là 
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4. Torque equafion. Let us calculate the torque about an axis throuph the board 
at the pivot point, P. Then the lever arms for #q and for the weight of the 
board are zero, and they wIll contribute zero torque about point P. Thus the 
torque equation will involve only the forces Ea and E„, which are equal to 
the weights of the children. The torque exerted by each child wIll be #g times 
the appropriate lever arm, which here 1s the distance of each child from the 
pivot point. Ê„ tends to rotate the board counterclockwise (+) and Ep 
clockwise (—), so the torque equation 1s 

3%7z = 0 
mạ ø(2.5m) — mpẹgx + Meg(0m) + (0m) = 0 

OT 
mạ g(25m) — mpạgx = 0, 


where two terms were dropped because their lever arms were Zero. 
5. Solve. We solve the torque equation for x and find 


30k 
*e Šˆ“0šm)ỳ = . ˆ(5Sm) = 3Ùmi 
1p 


25 kg kg 
To balance the seesaw, child B must sit so that her CG 1s 3.0 m from the pivot 
point. This makes sense: since she 1s lighter, she must sit farther from the 
pIvot than the heavier child in order to provide torques of equal magnitude. 


EXERCISE €_We did not need to use the force equation to solve Example 9—4 because 
of our choice of the axis. se the force equation to find the force exerted by the pIvot. 


EXAMPLE 9-5 ¡| Forces on a beam and supports. A uniform 1500-kg beam, 
20.0 m long, supports a 15,000-kg printing press 5.0m from the right support 
column (Eig. 9—8). Calculate the force on each of the vertical support columns. 


APPROACH We analyze the forces on the beam (the force the beam exerts on 
each column 1s equal and opposite to the force exerted by the column on the 
beam). We label these forces Ể. and Eạ in Fig. 9-8. The weight of the beam 
1(self acts at 1ts center of gravity, 10.0m from either end. We choose a con- 
venient axis for writing the torque equation: the point of application of E¿ 
(labeled P), so Ể. will not enter the equation (ïts lever arm will be zero) and we 
wIll have an equation in only one unknown, Ƒ§. 


SOLUTION The torque equation, >7 = 0, with the counterclockwise direction 
âS pOSIf{IV€, Ø1Ves 


Sz =_ —(10.0m)(1500 kg)g — (15.0m)(15.000 kg)g + (20.0m)#Ƒ„ = 0. 


Solving for #s, we fnd #s = (12,000 kg)g = 118,000N. To fnd Ƒ4, we use 
>Fý =0, with +yupward: 


>EFy = F4 — (1500kg)g —- (15,000 kg)g + s = 0. 
Puttingin #§ = (12,000 kg)g, we find that #A = (4500 kg)g = 44,100N. 


Figure 9-9 shows a uniform beam that extends beyond 1fs support like a 
diving board. Such a beam is called a cantilever. The forces acting on the beam 
in Fig. 9-9 are those due to the supports, ỂA and Ế;, and the force of gravity 
which acts at the cG, 5.0m to the right of the right-hand support. IỶ you follow 
the procedure of the last Example and calculate #2 and #s, assuming they point 
upward as shown 1n Fig. 9—9, you wIll find that ƑA comes out negative. If the 
beam has a mass of 1200 kg and a weight z = 12,000N, then #g§ = 15,000N 
and # = —3000N (see Problem 10). Whenever an unknown force comes out 
negatfive, it merely means that the force actually points in the opposite đirection 
from what you assumed. Thus in Fig. 9-9, Ê„ actually must pull downward (by 
means of bolts, screws, fasteners, and/or plue). To see why Fà has to act downward, 
note that the board”s weight acting at the cG would otherwise roftate the board 
clockwise about support B. 


SECTION 9-2 


— 
É. = E; 


| 


mm kg)g 
10.0 m———>|~5.0 m>š‹5.0 m 


(15,000 kg)ÿ 


FIGURE 9-8 A 1500-kg beam supportfs 
a 15,000-kg machine. Example 9—5. 
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FIGURE 9-10 Example 9—ó. 


EXERCISE D Return to the Chapter-Opening Question, page 230, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Our next Example Involves a beam that 1s attached to a wall by a hinge and 
1S supported by a cable or cord (Eig. 9—10). It is important to remember that a 
flexible cable can support a force only along 1s length. (If there were a compo- 
nent of force perpendicular to the cable, it would bend because it ¡s flexible.) 
But for a rigid device, such as the hinge In Eig. 9—10, the force can be in any 
direction and we can know the direction only after solving the equations. (The 
hinge 1s assumed small and smooth, so 1t can exert no internal torque on the beam.) 


Hinged beam and cable. A uniform beam, 2.20 m long with 

mass 7# = 25.0 kg, is mounted by a small hinge on a wall as shown 1n Eig. 9—10. 
The beam 1s held in a hor1zontal position by a cable that makes an angle Ø = 30.0”. 
The beam supports a sign ofmass Ä⁄ = 28.0 kg suspended from 1s end. Deter- 
mine the components of the force E,¡ that the (smooth) hinge exerts on the beam, 
and the tension #+in the supporting cable. 
APPROACH Eigure 9—10 is the free-body diagram for the beam, showing all 
the forces acting on the beam. It also shows the components of Ểr and a guess 
for the direction of E¡¿. We have three unknowns, y, uy, and Fị (We are 
øiven Ø), so we will need all three equations, >#y = 0, >Fy =0,Sr=0. 


SOLUTION The sum of the forces in the vertical (y) đirection 1s 


=0 
Thuy + FryT— mg — Mẹ = 9. @) 
In the hor1zontal (x) direction, the sum of the forces Is 
>Hy =0 
Fuy — Fn = Ô. () 


For the torque equation, we choose the axis at the point where + and Mg act. 
Then our torque equation will contain only one unknown, #;;y, because the lever 
arms for Er, Ä⁄ÿ, and 1;y are zero. We choose torques that tend to rotate the 
beam counterclockwise as positive. The weight g of the (uniform) beam acts 
af 1ts cenfter, so we have 
37 = 0 
—(Fay)2.20 m) + mg(110m) = 0. 


We solve for Fny: 


Thụ. = ng = (0.500)(25.0 kg)(9.80 m/s”) = 123N. 


Next, since the tension Er in the cable acts along the cable (Ø = 30.0°), we see 
from Eig. 9-10 that tan0 = Fry/Fry, Or 


Eny = Frxtan8 = Fry(tan30.0°). (v) 
Equation (1) above g1ves 


Eạy = (m+ M)g — Fạy = (53.0kg)(9.80m/s?) — 123N = 396N. 


Equations (iv) and (1) give 
Frựx = Fry/tan30.0° = 396N/tan30.0° = 686N; 
Tuy — Ty ¬ 686 N. 


The components of Ểu are Fhny = 123N and ly = 686N. The tension in the 
wireis + = V/F?„, + Hy = W⁄(686N)? + (396 N)? = 792N. 


TOur calculation used numbers rounded off to 3 significant figures. IÝ you keep an extra digit, or leave 
the numbers in your calculator, you get Fry = 396.5N, ry = 686.8N, and r = 793N, all within 
the expected precision of 3 significant figures (Section 1-4). 
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Alternate Solution Let us see the effect of choosing a different axis for calcu- 
lating torques, such as an axis through the hinge. Then the lever arm for #¡ 1s 
zero, and the torque equation (S7 = 0) becomes 


—mg(1.10m) — Mg(220m) + ry(220m) = 0. 
We solve this for #ry and find 


ly = 5 g + Mg = (125kg + 28.0kg)(9.80m/s?) = 397N. 


We get the same result, within the precision oŸ our significant figures. 


NOTE It doesn”t matter which axis we choose for 3z = 0. Ủsing a second axis 
can serve as a check. 


*A More Difficult Example—The Ladder 


Ladder. A 5.0-m-long ladder leans against a wall at a point 
4.0m above a cement floor as shown 1n Eig. 9—11. The ladder 1s unform and has 
mass # = 12.0 kg. Assuming the wall 1s frictionless, but the floor 1s not, deter- 
mine the forces exerted on the ladder by the floor and by the wall. 


APPROACH Higure 9-11 ¡is the free-body diagram for the ladder, showing all 
the forces acting on the ladder. The wall, since 1t 1s frictionless, can exert a Íorce 
only perpendicular to the wall, and we label that force Ew. The cement floor 
exerts a force Ec which has both horizontal and vertical force components: 
Fcx„ 1s Irictional and #cy 1s the normal force. Finally, gravity exerts a Íorce 
mg = (12.0 kg)(9.80 m/s”) = 118N on the ladder at its midpoint, since the 
ladder 1s uniform. 


SOLUTION Again we use the cqullibrium conditions, Xữ;y = 0, 5F, = 0, 
>r = 0. We will need all three since there are three unknowns: #w,„, Fcy, and 
Fcy. The y component of the force equation 1s 


%⁄Fy = FcyT— mg = Ủ, 


*0 


FIGURE 9-11 A ladder leaning 


against a wall. Example 9—7. The 


so Iimmediately we have force Fc that the cement floor exerts 


fqy = mg = 118N. 
The x component of the force equation 1s 

>Ƒy = Fẹx = Fw = 0. 
To determine both #cy and #, we need a torque equation. IỶ we choose to 
calculate torques about an axis through the point where the ladder touches 
the cement floor, then Fc, which acts at this point, wIll have a lever arm oŸ 
zero and so won't enter the equation. The ladder touches the floor a distance 
xạ = W⁄(5.0m)ˆ — (4.0m) = 3.0m from the wall (right triangle, c? = a? + Ð?). 
The lever arm for zg 1s half this, or 1.5m, and the lever arm for # Is 4.0m, 
Fig. 9—11. The torque equation about the ladder”s conftact point on the cement 1s 


>r = (40m)fy — (15m) = 0. 


Thus 
(1.5 m)(12.0 kg)(9.8 m/s?) 


- 4.0m 
Then, from the x component of the force equafion, 
ty = qy = 44N. 
Since the components of Fc are Fcy = 44N and fcy = 118N, then 
Fe = X44 NỶ + (118N# = 126N + 130N 
(rounded of to two sipnificant figures), and it acts at an angle to the floor of 
0 = tan '(118N/44N) = 70°. 


NOTE The force Ec does øo¿ have to act along the ladders direction because 
the ladder 1s rigid and not flexible like a cord or cable. 


44N. 
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on the ladder need not be along the 
ladder which (unlike a cord) is rigid. 
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FIGURE 9-12 The biceps (flexor) 
and triceps (extensor) muscles In the 
human arm. 
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9—53 Applications to Muscles and Joints 


The techniques we have been discussing for calculating forces on obJecfs 1n equi- 
librium can readily be applied to the human (or animal) body, and can be of great 
use 1n studying the forces on muscles, bones, and Joints for organisms In motion 
OTr at rest. Generally a muscle 1s attached, via tendons, to two different bones, as 
1n Hig. 9—12. The points of attachment are called iserfions. Two bones are flexibly 
connected at a /øin, such as those at the elbow, knee, and hip. A muscle exerts 
a pull when 1fs fibers contract under stimulation by a nerve, but a muscle cannot 
exert a push. Muscles that tend to bring two limbs closer together, such as the 
biceps muscle 1n the upper arm (Fig. 9—12), are called /exors; those that act to 
extend a limb outward, such as the triceps muscle 1n Eig. 9—12, are called exfensors. 
You use the flexor muscle m the upper arm when hifting an obJect in your hand; 
you use the extensor muscle when throwing a ball. 


Force exerted by biceps muscle. How much force must 
the biceps muscle exert when a 5.0-kg ball is held in the hand (2) with the arm 
horizontal as in Fig. 9—13a, and (5) when the arm 1s at a 45° angle as in Fig. 9—13b? 
The biceps muscle 1s connected to the forearm by a tendon attached 5.0 cm from 
the elbow Joint. Assume that the mass of forearm and hand together 1s 2.0 kg 
and theïr CG 1s as shown. 


APPROACH The free-body diapgram for the forearm ïs shown in Fig. 9—13; the 
forces are the weights of the arm and ball, the upward force E¿; exerted by the 
muscle, and a force E; exerted at the joint by the bone in the upper arm (all 
assumed to act vertically). We wish to find the magnitude of Ể¿„, which can be done 
using the torque equation and by choosing our axis through the Joïnt so that 
F; contributes zero torque. 


SOLUTION (a) We calculate torques about the point where F; acts in Fig. 9—13a. 
The 7z = Ú equafion g1ves 

(0.050m)#w — (0.15 m)(2.0 kg)g — (0.35m)(S.0kg)g = 0. 
We solve for Fặ: 


(0.15 m)(2.0 kg)g + (0.35 m)(5.0 kg)g 
LIềN 0.050 m 


= (4lkg)g = 400N. 
(b) The lever arm, as calculated about the Joïnt, 1s reduced by the factor cos 45° 
for all three forces. Qur torque equation wIll look like the one Just above, except 
that each term wIll have 1s lever arm reduced by the same factor, which will 
cancel out. The same result is obtained, # = 400N. 


NOTE The force required of the muscle (400 N) ¡s quite large compared to the 
weipht of the object lifted (= #z = 49N). Indeed, the muscles and Joinfs of the 
body are generally subjected to quite large forces. 


NOTE Forces exerted on Jjoints can be large and even painful or injurious. Using 
>Ƒ, = 0 we calculate for this case #j = F — (2.0kg)g — (5.0 kg)g = 330N. 


The point of Insertion of a muscle varles from person to person. A slipht 
Increase in the distance of the Joint to the point oŸ insertion of the biceps muscle 
from 5.0m to 5.5 cm can be a considerable advantage for lfting and throwing. 
Champion athletes are often found to have muscle 1nsertions farther from the Joint 
than the average person, and 1f this applies to one muscle, 1t usually applies to all. 

As another example of the large forces acting within the human body, we 
consider the muscles used to support the trunk when a person bends forward 
(Eig. 9—14a). The lowest vertebra on the spinal column (fñfth lumbar vertebra) 
acts as a fulcrum for this bending position. The “erector spinae” muscles 1n the 
back that support the trunk act at an effective angle of about 12” to the axis of 
the spine. Let us assume the trunk makes an angle of 30° with the horizontal. 
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Figure 9—14b 1s a simplified schematic drawing showing the forces on the upper body. 
The force exerted by the back muscles is represented by F4, the force exerted on 
the base of the spine at the lowest vertebra 1s Ếv, andWu, WA, and Wr represenft 
the weights of the head, freely hanging arms, and trunk, respectfively. The values 
shown are approximations. The distances (mm cm) refer to a person 180 cm tall, 
but are approximately In the same ratio of 1:2:3 for an averagøe person oŸ any 
height, and the result in the following Example 1s then independent of the height 
of the person. 


EXAMPLE 9-9 | Forces on your back. Calculate the magnitude and direc- 
tion of the force Ey acting on the fifth lumbar vertebra as represented m Eig. 9—14b. 


APPROACH We use the model of the upper body described above and shown 
1n Eig. 9—14b. We can calculate Fš; using the torque equation 1Ÿ we take the axIs 
at the base of the spine (point S); with this choice, the other unknown, #ÿ, doesn”t 
appear In the equation because 1ts lever arm 1s zero. To figure the lever arms, we 
need fo use trigonometric funcftions. 


SOLUTION Feor Eụ, the lever arm (perpendicular distance from axis to line of 
action of the force) wIll be the real distance to where the force acts (48 cm) mul- 
tipHed by sin 12”, as shown In Eig. 9—-14c. The lever arms for Wn, WA, and Wr 
can be seen from Fig. 9—14b to be their respecftive đistances from S times sin 60”. 
Fụ tends to rotate the trunk counterclockwise, which we take to be positive. 
Then Wu, WA, Wr WIll contribute negative torques. Thus 7z = Ú g1ves 
(0.48 m)(sin 12°)(Fu) — (0.72 m)(sin 60°)(søu) 
— (0.48 m)(sin 60°)(søA) — (0.36 m)(sin 60°)(søry) = 0. 
Solving for H and putting 1n the values ÍOT 24, 20A „ 2y g1ven In Eig. 9—14b, we find 
(0.72 m)(0.07+) + (0.48 m)(0.12+) + (0.36 m)(0.46+0) 
nhà. (0.48 m)(sin 12°) 
= 2.3/ % 2.4u, 


where +0 is the total weight of the body. To get the components of Ểy we use 
the x and y components of the force equation (noting that 30° — 12° = 18”): 


(sin 609) 


SXFy = Fyy— Fusin18° — tụ — 10A — ty = 0Ö 
SO 

Ty = 14380 3 1.4, 
and 

>»Fy = hy — Hụạcos18° = 0 
SO 

Fyy = 2.25 3 2.30, 


where we keep 3 sipmificant figures for calculating, but round off to 2 for giving 


the answer. Then 
V FWy là ty — 


Fỳ = 2.6. 


The angle Ø that #y makes with the horizontal is given by tan Ø = Ƒvy/Fyy = 0.61, 
so 0 = 327. 

NOTE The force on the lowest vertebra is over 2? times the total body weight! 
Thịs force 1s exerted by the “sacral” bone at the base of the spine, through the 
somewhat flexIble ¡mferuertebral disk. The disks at the base of the spine are 
clearly being compressed under very large forces. [If the body was less bent 
over (say, the 30° angle In Eig. 9—14b becomes 40° or 50), then the stress on the 
lower back wIll be less (see Problem 33).] 


TỶ the person 1n Eig. 9—14 has a mass of 90 kø and 1s holding 20 kg 1n his hands 
(this mcreases :04 to 0.34), then Ƒÿ is increased to almost four times the 
person”s weight (3.720). For this 200-lb person, the force on the disk would be 
over 700 Ib! With such strong forces acting, 1t is liftle wonder that so many people 
suffer from low back pamn at one time or another. 
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FIGURE 9-14 (a) A person bending 
over. (b) Forces on the back exerted 
by the back museles (Ể¡) and by the 
vertebrae (Êv) when a person bends 
over. (c) Finding the lever arm for Fụ. 
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9-4 Stability and Balance 


An obJect in static equilibrium, 1Ÿ left undisturbed, will undergo no translational 
or rotafional acceleration since the sum of all the forces and the sum of all the 
forques acting on 1t are zero. However, 1f the obJect 1s displaced slightly, three 
oufcomes are possible: (1) the objecf returns to Its origInal position, in which case 
1t 1s said to be in sfable equilibrium; (2) the object moves even farther from 1{s OrIg- 
Iinal position, and ït is said to be 1n unsfable equilibrium; or (3) the obJect remaIns 
1n 1{s new position, and If 1s said to be 1n neufral equilibrium. 

Consider the following examples. A ball suspended freely from a string 1s in 
stable equilibrium, for 1Í 1t is đisplaced to one side, 1t will return to 1s oripinal 
pOosttlon (Eig. 9—15a) due to the net force and torque exerted on 1t. On the other 
hand, a pencil standing on 1fs poïnt 1s in unstable equilibrium. IÝ1ts cenfer of grav- 
1ty 1s directly over its tip (Eig. 9—15b), the net force and net torque on 1t will be zero. 
But 1Ÿ it 1s đisplaced ever so sliphtly as shown——say, by a slight vibration or tiny aIr 
current——there wIll be a torque on 1t, and this torque ac(s to make the pencil continue 
to fallin the direction of the original displacement. Finally, an example of an object 
1n neutral equilibrium 1s a sphere resting on a horizontal tabletop. IỶ it is moved 
slightly to one side, it wIll remain 1n 1ts new posifion——no net forque acfs on 1f. 


FIGURE 9-15 (a) Stable equilibrium, 
and (b) unstable equilibrium. 
Net 
force 
(b) 


FIGURE 9-16 Equilibrium of a 
refriperator resting on a flat floor. 


FIGURE 9-17 Humans adjust their 
posture to achieve stability when 
carrying loads. 


đÒpnvysics APPLIED 
NHumans and balance 


240 CHAPTER 9 


(a) 


In most situations, such as 1n the design of structures and in working with the 
human body, we are 1nterested in maintaining stable equilibrium, or baÏance, as We 
sometimes say. In general, an object whose center oŸ øravity (CG) 1s below 1s point 
Of support, such as a ball on a string, will be in stable equilibrium. TỶ the CG 1s above 
the base of support, we have a more complicated situation. Consider a standing 
refrigerator (Fig. 9-1óa). If 1t is tipped sliphtly, it will return to 1s original 
pOosition due to the torque on 1t as shown 1n Eig. 9—1ób. But 1Ý 1t is tipped too far, 
Fig. 9—1óc, 1t wIll fall over. The critical point 1s reached when the CG shifts from 
one side of the pivot point to the other. When the CG 1s on one side, the torque pulls 
the obJect back onfo 1ts original base of support, Eig. 9—16b. IÝ the obJect 1s tipped 
tfurther, the CG goes past the pivot point and the torque causes the obJect to topple, 
Fig. 9—1óc. In general, an object tohose cemter 0ƒ grauity is abo0e is base oŸsupport 
tulll be stable 1ƒ a 0ertical line projected dotumuard from the CG ƒalls toithin the base 
oƒsupporí. Thĩs 1s because the normal force upward on the object (which balances 
out pravity) can be exerted only within the area of contact, so 1ƒ the force of pravity 
acts beyond this area, a net torque wiÏll act to topple the obJect. 

Stability, then, can be relative. A brick lying on 1ts widest face 1s more stable 
than a brick standing on 1ts end, for 1t will take more of an effort to tip 1t over. In 
the extreme case of the pencil in Eig. 9—1Sb, the base 1s practically a point and the 
slightest disturbance will topple 1t. In general, the larger the base and the lower 
the CG, the more stable the obJect. 

In this sense, humans are less stable than four-legsed mammals, which have a 
larger base of support because of therr four legs, and most also have a lower cenfer of 
gravity. When walking and performing other kinds of movement, a person con- 
tinually shifts the body so that 1ts CG 1s over the feet, although In the normal adult 
this requires no conscious thought. Even as simple a movement as bending over 
requires moving the hips backward so that the CG remains over the feet, and you 
do this repositioning without thinking about it. To see this, position yourself with 
your heels and back to a wall and try to touch your toes. You won't be able to do 1t 
without falling. Persons carrying heavy loads automatically adjust their posture 
so that the CG of the total mass 1s over their feet, Elg. 9—17. 


9—5 Elasticity; Stress and Strain 


In the first part of this Chapter we studied how to calculate the forces on obJecfs 
in equilibrium. In this Section we study the effects of these forces: any obJect 
changes shape under the action of applhied forces. If the forces are great enough, 
the oblJect will break, or ƒacfure, as we wIÏll discuss in Section 9~6. 


Elasticity and Hooke's Law 


TỶ a force 1s exerted on an obJect, such as the vertically suspended metal rod 
shown in Hg. 9—18, the length of the object changes. If the amount of elongation, 
Af, is small compared to the length of the object, experiment shows that AÍ is 
proportional to the force exerted on the oblect. This proportionality can be written 
as an equatIon: 


F ` = kAF (9-3) 


Here #'represents the force pulling on the object, Af is the change in length, and k 
is a proportionality constant. Equation 9~3, which is sometimes called Hooke*s law” 
after Robert Hooke (1635-1703), who first noted it, 1s found to be valid for almost 
any solid material from 1ron to bone——but 1t 1s valid only up to a point. For 1ƒ the 
force 1s foo great, the obJect stretches excessively and eventually breaks. 

Figure 9—19 shows a typIcal graph of applied force versus elongation. Ủp to a 
pomt called the proporfional limit, Eq. 9—3 1s a good approximation for many common 
maferials, and the curve 1s a straipht line. Beyond this point, the graph deviafes from 
a straight line, and no simple relationship exists between # and A£. Nonetheless, 
up to a point farther along the curve called the elastic limit, the obJect w1ll return 
tO 1ts original length 1f the applied force 1s removed. The region from the origin 
to the elastic limit 1s called the elasfic region. TỶ the oblect 1s stretched beyond 
the elastic limit, 1t enters the p/asfic region: 1t does not return to the oripgmal length 
upon removal of the external force, but remains permanently deformed (such as 
a bent paper clip). The maximum elongation 1s reached at the breaking poimr. The 
maximum force that can be applied without breaking 1s called the ulfimate sírength 
of the material (actually, force per unit area, as we discuss in Section 9~6). 


Young s Modulus 


The amount of elongation of an object, such as the rod shown In Eig. 9-18, 
depends not only on the force applied to 1t, but also on the material of which 1t 1s 
made and on Its dimensions. That 1s, the constant kn Eq. 9-3 can be written in 
terms Of these factors. 

TỶ we compare rods made of the same material but of different lengths and 
Cross-sectional areas, 1t 1s found that for the same applied force, the amount of 
stretch (again assumed small compared to the total length) is proportional to the 
original length and 1nversely proportional to the cross-sectional area. That 1s, 
the longer the obJect, the more 1t elongates for a g1ven force; and the thicker 1t 1s, 
the less 1t elongates. These findings can be combined with Eq. 9—3 to yield 

1F 
A? EA ñ, (9-4) 
where fq is the original length of the object, 44 is the cross-sectional area, and A#ïs the 
change in length due to the applied force #. 1s a constant of proportionality' known 
as the elasfic modulus, or Young?s modulus: 1ts value depends only on the material. 


“The term “law” applied to this relation is historical, but today it is not really appropriate. First of all, 
1t is only an approximation, and second, ¡it refers only to a limited set of phenomena. Most physicIsts 
today prefer to reserve the word “law” for those relations that are deeper and more encompassing 
and precise, such as NÑewton”s laws of motion or the law of conservation of energy. 

Ÿ*TJhe fact that # ¡is in the denominator, so 1/E is the actual proportionality constant, is merely a 
convention. When we rewrite Eq. 9-4 to get Eq. 9—5, # is found in the numeratOor. 


FIGURE 9-18 Hooke'”s law: 
Af œ applied force. 


FIGURE 9-19 Applied force vs. 


elongation for a typIcal metal under 


tension. 


Ultimate strength 
Proportional limit aơ9 


limit point 


Force, 


Elastic Breaking 


Elongation, Af 
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The value of Young)s modulus for various materials is given in Table 9—1 (the 
shear modulus and bulk modulus in this Table are discussed later m this Section). 
Because 1s a property only ofthe material and 1s ndependent of the obJects size 
or shape, Eq. 9—4 1s far more useful for practical calculation than Eq. 9-3. 


TABLE 9-1 Elastic Moduli 
Young?s Modulus, Shear Modulus, Bulk Modulus, 


Material E (N/m?) G (N/m?) B (N/m?) 
Solids 
Iron, cast 100 x 102 40 x 102 90 x 102 
Steel 200 x 102 80 x 102 140 x 102 
Brass 100 x 102 35 x 102 80 x 102 
Aluminum 70 x 102 25 x 102 70 x 102 
Concrete 20 x 102 
Brick 14 x 10 
Marble 50 x 10 70 x 102 
Granite 45 x 10 45 x 102 
Wood (pine) (parallel to grain) 10 x 102 
(perpendicular to grain) 1x10 
Nylon 3 x 103 
Bone (limb) 15 x 10 80 x 102 
Liquids 
Water 2.0 x 102 
Alcohol (ethyl) 1.0 x 109 
Mercury 2.5 x 102 
GasesÏ 
Air, Hạ, He, CO; 1.01 x 10 


TAt normail atmospheric pressure; no variation in temperature during process. 


EXAMPLE 9-10 / Tension in piano wire. A 1.60-m-long steel piano wire has 
a diameter of 0.20 cm. How great 1s the tension 1n the wire 1f1t stretches 0.25 cm 
when tiphtened? 

APPROACH We assume Hooke?s law holds, and use ¡t in the form of Eq. 9-4, 
finding # for steel 1n Table 9—1. 

SOLUTION We solve for in Eq. 9—4 and note that the area of the wire 1s 
A = 7rˆ = (3.14)(0.0010m)ˆ = 3.14 x 10 °m°. Then 


F=E—_A 


0.0025m 
1.60m 


(2.0 x 101N/mô| J=+4 x 10 °m?) 


980N. 


NOTE The large tension im all the wires in a piano must be supported by a 
strong frame. 


EXERCISE E Two steel wires have the same length and are under the same tension. But 
wire A has twice the diameter of wire B. Which of the following 1s true? (2z) Wire B 
stretches twice as much as wire A. (b) Wire B stretches four times as much as wire A. 
(c) Wire A stretches twice as much as wire B. (2) Wire A stretches four times as much as 
wire B. (e) Both wires stretch the same amount. 
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Stress and Strain 


From Eq. 9-4, we see that the change in length of an obJect 1s directly propOr- 

tional to the product of the objecfs length É; and the force per unit area F/A 

applied to 1t. It is general practice to define the force per unit area as the sfress: 
Íorce F 


SfreSS = —› 
area A 


which has SI units of N/m”. Also, the sfrain is defined to be the ratio of the change 
1n length to the original length: 


change in leneth Af 


stran = RẺ = , 
original length Ít 

and 1s dimensionless (no units). Strain is thus the fractional change in length of the 
object, and 1s a measure of how much the obJect has been deformed. Stress 1s applied 
to the material by external agents, whereas strain 1s the material”s response to the 
stress. Equation 9—4 can be rewritten as 


F Ai 

—= E- 0- 
or 

m= F/A _— SIT€SS. 


Af71® strain 


Thus we see that the strain 1s directly proportional to the stress, in the linear 
(elastic) region of Fig. 9—19. 


Tension, Compression, and Shear Stress 


The rod shown In Eig. 9—20a 1s said to be under /e#sion or tensile sfress. Not only 
1s there a force pulling down on the rod at i(s lower end, but since the rod 1s in 
equilibrium we know that the support at the top is exerting an equalÏ upward 
force on the rod at 1fs upper end, Fig. 9—20a. In fact, this tensile stress exists throuph- 
out the material. Consider, for example, the lower half of a suspended rod as shown 
1n Eig. 9—-20b. Thịis lower half is in equilibrium, so there must be an upward force 
on 1t to balance the downward force at 1(s lower end. What exerts this upward 
force? It must be the upper part of the rod. Thus we see that external forces 
applied to an obJect g1ve rise to Internal forces, or stress, within the material 1tself. 

Strain or deformation due to tensile stress 1s but one type of stress to which 


materials can be subjected. There are two other common typ€s Of str€sS: COPT€S-  FIGURE 9-20 Stress exists +oirhin 


sive and shear. Compressive sfress 1s the eXact Opposite Of tensile s(ress. Instead OÏ_ the material. 
being stretched, the material is compressed: the forces act inwardly on the obJect. 
Columns that support a weight, such as the columns of a Greek temple (Fig. 9-21), 
are subJected to compressive stress. Equations 9—4 and 9-5 apply equally well to 
compression and tension, and the values for the modulus # are usually the same. 


TOr a greater force if the weight of the rod cannot be ignored compared to Ƒ” 


FIGURE 9-21 This Greek temple, in Agripentfo, 
Sicily, built 2500 years ago, shows the post-and-beam 
construction. The columns are under compression. 
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FIGURE 9-22 The three types of ì 
stress for rigid obJects. 
Ỷ 
F FE— 
Tension Compression Shear 
(a) (b) (c) 


Figure 9—22 compares tensile and compressive sfresses as well as the third type, 
shear stress. An oblJect under shear sfress has equal and opposite forces apphed 
đcroSS 1S Oopposite faces. A simple example 1s a book or brick firmly attached to a 
tabletop, on which a force 1s exerted parallel to the top surface. The table exerfs an 
equal and opposite force along the bottom surface. Althouph the dimensions of the 
obJect do not change significantly, the shape of the object does change, Fig. 9—22c. 
An equation similar to Eq. 9—-4 can be applied to calculate shear straIn: 


A? = —=— ÙÐ (9-6) 


but A/, fạ, and 4 must be reinterpreted as indicated in Eig. 9-22c. Note that 
A 1s the area of the surface arai1el to the applied force (and not perpendicular as 
for tension and compression), and A#1s perpendicular to É¿. The constant of pro- 
portionality Ở 1s called the shear modulus and is generally one-half to one-third 
the value of Young”s modulus # (see Table 9—1). Figure 9—23 susgesfs why A# œ Íy: 
the fatter book shifts more for the same shearing force. 


FIGURE 9-23 The fatter book (a) shifts 
more than the thinner book (b) with the 
same applied shear force. 


Volume Change—Bulk Modulus 


TỶ an obJect 1s subJected to inward forces from all sides, its volume will decrease. 
A common situation 1s an obJect submerged 1n a fluid. In this case, the fluid exerts 
a pressure on the object in all directions, as we shall see in Chapter 10. Pressure 1S 
defñned as force per unit area, and thus is the equivalent of stress. For this situation 
the change 1n volume, AV, 1s proportional to the original volume, Wọạ, and to the 
change In the pressure, A. We thus obtain a relation of the same form as Eq. 9—4 
but with a proportionality constant called the bulk modulus Ø: 


AV 1 
— ii =.ẤƑP 9_—7 
, 5 (9-7) 
OT 
_ ẤP - 
AV/W 


The minus sign means the volume đecreases with an Increase 1n pressure. 
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Values for the bulk modulus are given in Table 9—1. Since liquids and gases 
do not have a fixed shape, only the bulk modulus (not the Young”s or shear moduli) 
applies to them. 


9—-6 Fracture 


TỶ the stress on a solid object is too great, the object fractures, or breaks (Fig. 9—24). 
Table 9—2 lists the ultimate strengths for tension, compression, and shear for a 
varlety ofmaterials. These values g1ve the maximum force per unIf area, OT SfreSS, 
that an obJect can withstand under each of these three types of stress for varIous 
types of material. They are, however, represenftafive values only, and the actual 
value for a øIven specimen can differ considerably. It 1s therefore necessary to 
maintain a safety factor of from 3 to perhaps 10 or more—that 1s, the actual 
Sfresses on a structure should not exceed one-tenth to one-third of the values 
gø1ven In the Table. You may encounter tables of“allowable stresses”1n which appTo- 
priate safety factors have already been 1ncluded. 


TABLE 9-2 Ultimate Strengths of Materials (force/area) 


Tension 


Compression 
FIGURE 9-24 Fracture as a result of 
the three types of stress. 


Tensile Strength Compressive Strength Shear Strength 


Material (N/m?) (N/m?) (Ñ/m?) 

Iron, cast 170 x 100 550 x 100 170 x 106 

Steel 500 x 10% 500 x 10 250 x 100 

Brass 250 x 10% 250 x 10 200 < 10 

Aluminum 200 x 10% 200 x 10 200 < 10 

Concrete 2x 108 20 x 106 2x 108 

Brick 35 x 10 

Marble §0 x 10 

Granite 170 x 106 

Wood (pine) (parallel to grain) 40 x 106 35 x 108 5x 106 
(perpendicular to grain) 10 x 100 

Nylon 500 x 10 

Bone (limb) 130 x 100 170 x 106 


EXAMPLE 9-11 (. ESTIMATE | Breaking the piano wire. The steel piano 
wire we discussed in Example 9—10 was 1.60 m long with a diameter of 0.20 em. 
Approximately what tension force would break 1t? 

APPROACH We set the tensile stress #⁄⁄4 equal to the tensile strength of steel 
g1ven In Table 9—2. 

SOLUTION The wires area is A4 = zrˆ, where r = 0.10cem = 1.0 x 103m. 
Table 9—2 tells us 


F 
+” 500 x 10°N/mỶ, 


so the wIire would likely break 1ƒ the force exceeded 


ƑF = (500 105N/m?)(z)(1.0 x 103m)” = 1600N. 


As can be seen ¡in Table 9—2, concrete (like stone and brick) is reasonably 
strong under compression but extremely weak under tension. Thus concrete 
can be used as vertical columns placed under compression, but 1s of little 
value as a beam because 1t cannot withstand the tensile forces that result 
from the Inevitable sagging of the lower edge of a beam (see Eig. 9-25). 


FIGURE 9-25 A beam sags, at least 
a little (but is exaggerated here), even 
unđer its own weight. The beam thus 
changes shape: the upper edge 1s 
compressed, and the lower edge 1s 
undđer tension (elongated). Shearing 
stress also occurs within the beam. 


Œ= Compression SE” ` 


Tension 
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FIGURE 9-26 Steel rods around 
which concrete 1s poured for strength. 


@ÒPHvsics APPLIED 


Reinƒorced concrete 
and 
Drestressed concrete 


@ÒpHvysics APPLIED 
A tragic collapse 


FIGURE 9-27 Example 9—12. 
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(c) Force on pin A  (d) Forces on pins 


exerted by at A exerted by 
vertical rod vertical rods 


Reinƒforced concrefe, In which 1ron rods are embedded ïn the concrete (Fig. 9—26), 
1s much stronger. But the concrete on the lower edge of a loaded beam still tends 
to crack because It is weak under tension. This problem is solved with prestressed 
concrefe, which also confains 1ron rods or a wIre mesh, but during the pouring of 
the concrete, the rods or wire are held under tension. After the concrete dries, 
the tension on the 1ron 1s released, putting the concrete under compression. 
The amount of compressive stress 1s carefully predetermined so that when loads 
are applied to the beam, the compression on the lower edge 1s never allowed 
to be reduced so far as to put the concrete Into tension. 


CONCEPTUAL EXAMIPLE 9-12 | A tragic substitution. Two walkways, one 


above the other, are suspended from vertical rods attached to the ceiling of a 
high hotel lobby, Eig. 9—27a. The original design called for single rods 14 m long, 
but when such long rods proved to be unwieldy to Install, it was decided to replace 
each long rod with two shorter ones as shown schematically in Eig. 9—27b. 
Determine the net force exerted by the rods on the supporting pin A (assumed to 
be the same size) for each design. Assume each vertical rod supports a mass # 
Of each bridge. 


RESPONSE The single long vertical rod in Fig. 9—-27a exerts an upward force 
equal to g on pin A to support the mass of the upper bridge. Why? Because 
the pm 1s in equilibrium, and the other force that balances this 1s the downward 
force 7g exerted on it by the upper bridge (Fig. 9—-27c). There 1s thus a shear 
stress on the pin because the rod pulls up on one side of the pin, and the bridge 
pulls down on the other side. The situation when two shorter rods support the 
bridges (Fig. 9—-27b) 1s shown In Eig. 9—27d, in which only the connections at 
the upper bridge are shown. The lower rod exerts a force of øzg downward on 
the lower of the two pins because 1t supports the lower bridge. The upper rod 
exerts a force of 27g on the upper pin (Iabelled A) because the upper rod supporfs 
both bridges. Thus we see that when the builders substituted two shorter rods 
for cach single long one, the stress in the supporting pin A was doubled. What 
perhaps seemcd like a simple substitution dịd, in fact, lead to a tragic collapse im 
1981 with a loss of life of over 100 people (see Eig. 9—1). Having a feel for physics, 
and being able to make simple calculations based on physics, can have a great 
effect, literally, on people”s lives. 


*9—7 Spanning a Space: Arches and Domes 


There are a great many areas where the arts and humanities overlap the sciences, 
and this 1s especially clear In architecture, where the forces in the materials that 
make up a structure need to be understood to avoid excessive deformation and 
collapse. Many of the features we admrre in the architecture of the past were Intro- 
duced not simply for their decorative effect, but for technical reasons. One 
example 1s the development of methods to span a space, from the simple beam 
supported by columns, to arches and domes. 
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The first important architectural invention was the post-and-beam (or post- @® PHYSICS APPLIED 
and-lintel) construction, in which two upright posts or columns support a horizonfal Architecture: beams, arches, 
beam. Before steel was Introduced in the nineteenth century, the length of a beam and domes 
was quite limited because the strongest building materials were then stone and 
brick. Hence the width ofa span was limited by the size of available stones. Equally 
1mportant, stone and brick, though strong under compression—are very weak 
unđer tension and shear; all three types of stress occur in a beam (see Fig. 9—25). 

The minimal space that could be spanned using stone 1s shown by the closely 
spaced columns of the great Greek temples (Eig. 9-21). 

The semicircular arch (Eigs. 9—-28a and b) was mtroduced by the anclent Romans 
2000 years ago. Aside from 1ts aesthetic appeal, it was a tremendous technolog- 
1cal innovation. The advantage of the “true” or semicircular arch 1s that, 1Ÿ well 
designed, 1ts wedge-shaped stones experience stress which 1s mainly compressive 
even when supporting a large load such as the wall and roof of a cathedral. 


FIGURE 9-28 (a) Round arches in 
the Roman Forum, 2000 years old. 
The one in the background 1s the 
Arch of Titus. (b) An arch ¡s used 
here to good effect for a bridge over 
a chasm on the California coast. 


(b) 


Because the stones are forced to squeeze agaInst one another, they are mainly 
under compression (see Fig. 9-29). A round arch consisting of many well-shaped 
stones could span a very wide space. However, because the arch transfers 
horizontal as well as vertical forces to the supports, considerable buttressing on 
the sides 1s needed, as we discuss shortly. 


= — FIGURE9-29 Stones in a 
= ——. round arch (see Fig. 9-28a) are 
mainly under compression. 


The pointed arch came Into use about A.D. 1100 and became the hallmark of 
the great Gothic cathedrals. It too was an important technical innovation, and was 
first used to support heavy loads such as the tower and central arch of a cathedral. 
Apparently the builders realized that, because of the steepness of the pointed arch, 
the forces due to the weipht above could be brought down more nearly vertically, 
so less horizontal buttressing would be needed. The pointed arch reduced the load on 
the walls, so there could be more window openinss and light. The smaller buttressing 
needed was provided on the oufside by graceful flying buttresses (Fig. 9—30). 

The technical innovation oŸ the pointed arch was achieved not throuph calcula-  FIGURE 9-30 Flying buttresses 
tion but through experience and Intuition; it was not until much later that detailed (on the cathedral of Notre Dame, 
calculations, such as those presented earlier in this Chapter, came Into use. in Paris). 
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FIGURE 9-32 Interior of the 
Pantheon in Rome, built almost 
2000 years ago. This view, showing 
the great dome and I(s central 
opening for lipht, was painted about 
1740 by Panini. Photographs do not 
capture Ifs prandeur as well as this 
paInting does. 


FIGURE 9-33 The skyline of 
Florence, showing Brunelleschi's 
dome on the cathedral. 
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To make an accurate analysis of a stone arch 1s quite difficult in practice. 
But 1Ÿ we make some simplhifying assumpftions, we can show why the hor1zontal 
component of the force at the base 1s less for a pointed arch than for a round 
one. Figure 9-31 shows a round arch and a pointed arch, each with an 8.0-m 
span. The heipht of the round arch is thus 4.0m, whereas that of the pointed arch 
1s lareer and has been chosen to be 8.0m. Each arch supports a weight of 
12.0 x 101N (Œ 12,000kg x g) which, for simplicity, we have divided into two 
parts (each 6.0 < 10?N) acting on the two halves of each arch as shown. To be in 
equilibrium, each of the supports must exert an upward force of 6.0 x 10!N. For 
rofational equilibrium, each support also exerts a hor1zontal force, j;, at the 
base of the arch, and ït is this we want to calculate. We focus only on the ripht half 
Of each arch. We set equal to zero the total torque calculated about the apex of 
the arch due to the three forces exerted on that half arch. The torque equation 
(7 = 0) contains three terms: the weight above, the support #ÿ below, and the 
hor1zontal force !;¡, which for the round arch (see Eig. 9—31a) 1s 


—(2.0m)(6.0 x 101N) + (4.0m)(6.0 x 10!N) — (40m)() = 0. 


Thus #4; = 3.0 x 101N for the round arch. For the pointed arch, the torque equa- 
tion 1s (see Fig. 9—31b) 


—(2.0m)(6.0 x 10?N) + (4.0m)(6.0 x 10!N) - (8.0m)() = 0. 


Solving, we find that #1; = 1.5 x 10N-—only half as much as for the round arch! 
From this calculatlon we can see that the horizontal buttressing force required 
for a pointed arch 1s less because the arch 1s higher, and there 1s therefore a longer 
lever arm for this force. Indeed, the steeper the arch, the less the hor1zontal 
component of the force needs to be, and hence the more nearly vertical 1s the 
force exerted at the base of the arch. 

'Whereas an arch spans a two-dimensional space, a đome——which 1s basically an 
arch rofated about a vertical axIs—spans a three-dimensional space. The Romans 
built the first laree domes. Their shape was hemispherical and some still stand, such 
as that of the Pantheon in Rome (Eig. 9—32), built nearly 2000 years ago. 

Fourteen centuries later, a new cathedral was being built in Florence. It was 
to have a dome 43 m in điameter to rival that of the Pantheon, whose consfruc- 
tion has remained a mystery. The new dome was fo rest on a “drum” with no 
external abutments. Eilippo Brunelleschi (1377—1446) designed a pointed dome 
(Fig. 9-33), since a pointed dome, like a pointed arch, exerts a smaller side thrust 
against 1ts base. A dome, like an arch, 1s not stable until all the stones are In place. 
To support smaller domes during construction, wooden frameworks were used. 
But no trees big enough or strong enouph could be found to span the 43-m space 
required. Brunelleschi decided to try to build the dome 1n horizontal layers, each 
bonded to the previous one, holding 1t in place until the last stone of the circle 
was placed. Each closed ring was then strong enough to support the next layer. It was 
an amazing feat. Only in the twentieth century were larger domes buIlt, the largest 
being that of the Superdome 1n New Orleans, completed in 1975. Its 200-m-diameter 
dome 1s made of steel and concrete. 
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A modem dome. The 1.2 x 10 kg dome of the Small Sports 
Palace in Rome (Fig. 9—34a) is supported by 36 buttresses positioned at a 
38° angle so that they connect smoothly with the dome. Calculate the compo- 
nenfs of the force, #2; and #ÿ, that each buttress exerts on the dome so that the 
force acts purely in compression—that 1s, at a 38” angle (Fig. 9—34b). 


FIGURE 9-34 Example 9—13. 

(a) The dome of the Small Sports 

Palace in Rome, buIlt by Pier Luigl Nervi 
for the 1960 Olympics. (b) The force 
components each butftress exerts 

on the dome. 


(b) 


APPROACH We can find the vertical component #ÿ exerted upward by each 
buttress because each supports s¿ of the dome”s weight. We find Fị¡; knowing 
that the buttress needs to be under compression so F = Ey + FEu acfs at a 38° 


angle. 


mg — (12 x 100kg)(98m/5) 


36 36 


compressive. Thus 


RF 
tan368° = ¬ 
tt 
= Fv 330.000N 
H tạn38°  tan38° 


(see Problem 58 and Fig. 0—77). 


SOLUTION The vertical load on each buttress is ;¿ of the total weight. Thus 
= 330,000N. 


The force must act at a 38” angle at the base of the dome In order to be purely 


= 420,000N. 


NOTIE For each buttress to exert this 420,000-N horizontal force, a prestressed- 
concrete tension ring surrounds the base of the buttresses beneath the ground 


 Summary 


An object at rest 1s said to be in equilibrium. The subject con- 
cerned with the determination of the forces within a síructure 
at resf 1s called sfafics. 

The two necessary conditions for an obJect to be In equi- 
librium are (1) the vector sum of all the forces on it must 
be zero, and (2) the sum of all the torques (calculated about 
any arbitrary axis) must also be zero. For a two-dimensional 
problem we can write 


>»y = 0, Xiy = 0, 5z = Ú. (9-1, 9-2) 


It is Iimportant when doing statics problems to apply the 
equilibrium conditions to only one obJect at a time. 

An object In static equilibrium ¡s said to be in (2) stable, 
(5) unstable, or (c) neutral equilibrium, depending on whether a 
slight displacement leads to (z) a return to the original position, 
(5) further movement away from the original position, or 
(c) rest in the new position. An object in stable equilibrium ïs 
also said to be In balance. 

Hooke?® law applies to many elastic solids, and states 
that the change in length of an oblject is proportional to the 


applied force: 


F = KkKAI (9-3) 


TỶ the force 1s too great, the obJect wIll exceed 1ts elasfic limi(, 
which means It wIll no longer return to 1ts original shape when 
the distorting force 1s removed. TỶ the force 1s even greater, the 
ulmate srengfh of the material can be exceeded, and the 
object wIll fracture. The force per unit area acting on an object 
1s the síress, and the resulting fractional change in length 1s the 
sfrain. 

The stress on an object 1s present within the object and 
can be of three fypes: compression, tension, or shear. The ratio 
Of stress to strain 1s called the elastic modulus of the material. 
'Young?s modulus applies for compression and tension, and the 
shear modulus for shear. Bulk modulus applies to an object 
whose volume changes as a result of pressure on all sides. All 
three moduli are constants for a gIven material when distorted 
within the elastic region. 

[ƒ Arches and domes are special ways to span a space that 
allow the stresses to be managed wellL] 
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Questions 


1. Describe several situations in which an obJect 1s not in equi- 
librium, even though the net force on 1 1s zerO. 


2. A bungee Jumper momentarily comes to rest at the bottom 
of the dive before he springs back upward. At that moment, 
1s the bungee jumper ¡in equilibrium? Explain. 


3. You can find the center of gravity of a meter stick by rest- 
1ng 1t hor1zonftally on your two index ñingers, and then slowly 
drawing your fingers together. Eirst the meter stick wIll slip 
on one finger, and then on the other, but eventually the 
fingers meet at the cG. Why does this work? 


4. Your doctor”s scale has arms on which weights slide to 
counter your weight, Fig. 9-35. These weights are much 
lighter than you are. How does 


this work? Weights 


FIGURE 9-35 
Ouestion 4. 


5. A pround retaining wall is shown in Eig. 9—-36a. The ground, 
particularly when wet, can exert a signifiicant force # on the 
wall. (a) What force produces the torque to keep the wall 
upriph(? (5) Explain why the retaining wall in Eig. 9—36b 
would be much less likely to overturn than that in Hg. 9—36a. 


l⁄__—v —>~. lv —>~. 
—F 
(a) (b) 


FIGURE 9-36 Ouestion 5. 


6. Can the sum of the torques on an object be zero while the 
net force on the obJect is nonzero? Explain. 


7. A ladder, leaning against a wall, makes a 60° angle with the 
ground. When 1s it more likely to slip: when a person stands 
on the ladder near the top or near the bottom? Explain. 


§. A uniform meter stick supported at the 25-cm mark 1s in 
equilibrium when a 1-kg rock 1s suspended at the 0-em 
end (as shown in Fig. 9-37). Is the mass of the meter stick 
øreater than, equal to, or less than the mass of the rock? 
Explain your reasoning. 


Ezä 30 N R 


' 


FIGURE 9-37 Ouestion 8. 


9. Why do you tend to lean backward when carrying a heavy 
load in your arms? 


10. Eigure 9-36 shows a cone. Explain how to lay 1t on a flat 
table so that it 1s in (2) stable equilibrium, (b) unstable 
equilibrium, (c) neutral equilibrrum. 


ô> 


FIGURE 9-38 Ouestion 10. 


11. Place yourself facing the edge of an open door. Position 
your feet astride the door with your nose and abdomen 
touching the door”s edge. Try to rise on your tiptoes. Why 
cant this be done? 


12. Why 1s it not possible to sit upright in a chair and rise to 
your feet without first leaning forward? 


13. Why ¡s it more difficult to do sit-ups when your knees are 
bent than when your legs are s(retched out? 


14. Explain why touching your toes while you are seated on 
the floor with oufstretched legs produces less stress on the 
lower spinal column than when touching your toes from a 
standing position. se a diagram. 


15. Which configuration of bricks, FEig. 9-39a or Eig. 9—-39b, 
1s the more likely to be stable? Why? 


(a) (b) 
FIGURE 9-39 Ouestion 15. The dots indicate 
the CG of each brick (assumed uniform). The 
fractions ‡ and š indicate what portion of each 
brick 1s hanging beyond 1ts support. 


16. Name the type of equilibrium for each position of the ball 
in Hg. 9-40. 


FIGURE 9-40 Ouestion 1ó. 


17. Is the Youngs modulus for a bungee cord smaller or larger 
than that for an ordinary rope? 


18. Examine how a palr Of scissors or shears cuts through a 
plece of cardboard. Is the name “shears” Justified? Explain. 


19. Materials such as ordinary concrete and stone are very 
weak undđer tension or shear. Would 1t be wise to use sụch 
a material for either of the supports of the cantilever 
shown in Fig. 9—9? Tf so, which one(s)? Explain. 
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 MisConceptual Questions 


1. A 60-kg woman stands on the very end ofa uniform board, 6. A 10.0-N weipht 1s suspended by two cords as shown 1n 
of length , which is supported one-quarter of the way Fig. 9-44. What can you say about the tension in the two 
from one end and ¡s balanced (Eig. 9—41). What is the mass cords? 
of the board? (a) The tension in both cords is 5.0 N. 

(2) 15kg. (b)20kg. (c)30kg. (đ) 60kg. (e) 120 kg. () The tension in both cords is equal but not 5.0. 


(c) The tension in cord A 1s greater than that in cord B. 
(đ) The tension in cord B is greater than that in cord A. 


FIGURE 9-41 
MisConceptual BÀ 
Ouestion 1. E—3£—— A B 
2. When you apply the torque equation 3z = 0 to an object PB FIGURE 9-44 
1n equilibrium, the axis about which torques are calculated 10.0ÑN MisConceptual Question 6. 
(z) must be located at a pivot. 
DU 1071170100001 11 Tụày 7. As you Increase the force that you apply while pulling on a 


(c) should be located at the edge of the object. 


(4) be Ízesfed h rope, which of the following 1s NƠT affected? 
can be located anywhere. 


(a) The stress on the rope. 


3. A uniform beam 1s hinged at one end and held In a hori- (b) The strain on the rope. 
zontal posilon by a cable, as shown In Fig. 9-42. The (c) The Young's modulus of the rope. 
tension In the cable (đ) AlI of the above. 
(2) must be at least half the weight of the beam, no matter (e) None of the above. 


what the angle of the cable. 

(B) could be less than half the beam”s weight for some 
angles. 

(c) wIll be half the beam”s weight for all angles. 

(đ) wil equal the beam's weipht for all angles. 


8. A woman 1s balancing on a high wire which 1s tiphtly strung, 
as shown In Fig. 9-45. The tension In the wire 1s 
(4) about half the woman's weipht. 
(b) about twice the woman”s weipht. 
(c) about equal to the woman”s weight. 
(đ) much less than the woman”s weight. 
(c) much more than the woman”s weipht. 


FIGURE 9-42 
MisConceptual Question 3: 
beam and cable. 


4. A heavy ball suspended by a cable 1s pulled to the side by a 


horizontal force Ê as shown in Fïig. 9—43. If angle Ø is small, n xa ] 
the magnitude of the force # can be less than the weight of Qhg by Á0” 
Ouestion 8. 


the ball because: 
(2) the force holds up only part of the ball's weight. 


) evetrthau6h*thebalLi siatlsasiLTS.hot teatMrih 9. A parking øarage 1s desipned for two levels Of cars. lo make 


more money, the owner decides to double the size of the øar- 


equilibrium. : : : : 
(c) mg lien... age in each dimension (length, width, and number of levels). 
Si kinh y Ữ For the support columns to hold up four floors Instead of 


two, how should he change the columns” diameter? 

(a) Double the area of the columns by increasing theIr 
diameter by a factor of 2. 

(ð) Double the area of the columns by increasing theIr 
điameter by a factor of 4⁄2. 

(c) Quadruple the area of the columns by increasing their 

¡Ø8 diameter by a factor of 2. 

(đ) Increase the area of the columns by a factor of 8 by 
increasing their diameter by a factor of 2V⁄2. 

(c) He doesn't need to increase the diameter of the 


(4) the original statement is not true. To move the ball, 
F must be at least equal to the ball's weight. 


E columns. 
ý te) iagslonal —— 10. A rubber band ¡s stretched by 1.0 em when a force of0.35 Ñ 
' 1s applied to each end. Ifinstead a force o£f0.70N 1s applied 
5. TWwo children are balanced on opposite sides of a seesaw. If to each end, estimate how far the rubber band will stretch 
one child leans Inward toward the pivot point, her side wll from Ifs unstretched length: 
(4)rise. (P) fall. (c) neither rise nor fall. (z) 025cm. (5)0.5cm. (c)1.0cm. (đ)2.0cm. (e)4.0cm. 
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j Problems 


9-1 and 9-2 Equilibrium 


4. (D What is the mass of the diver in Fig.9-491fshe ,ẩ 


1. ( Three forces are applied to a exerfs a torque of 1800 m-N on the board, relative 
tree sapling, as shown in Fig. 946, to the left (A) support post? 
to stabilize 1t. If FA = 385N and 
Eg = 4/5N, nd Ec in magnitude 
and direction. . 
FIGURE 9-46 FIGURE 9-49 t 
Problem 1. Problems 4 and 5. 1.0m 
2. (1) Calculate the mass ø needed in order to suspend the . (H) Calculate the forces #A and #y that the supports exert 


leg shown In Eig. 9-47. Assume the leg (with cast) has a 
mass of 15.0 kg, and 1ts CG 1s 35.0 cm from the hip Joïnt; the 
cord holding the sling 1s 78.0 cm from the hip Joïint. 


FIGURE 9-47 Problem 2. 


(DA tower crane (Fig. 9-48a) must always be carefully 
balanced so that there is no net torque tending tfo tip 1. 
A particular crane at a building site is about to liÍt a 
2800-kg air-conditioning unit. The cranes dimensions are 
shown In Fig. 9—48b. (z) Where must the crane”s 9500-kg 
counterweight be placed when the load 1s lifted from the 
ground? (The counterweight is usually moved auto- 
matically via sensors and motors to precisely compensate 
for the load.) (5) Determine the maximum load that can be 
lited with this counterweight when 1t is placed at 1ts full 
extent. Ignore the mass of the beam. 


on the diving board of Eig. 9-49 when a 52-kg person 
stands at 1s tip. (2) Ignore the weipht of the board. 
(b) Take into account the board”s mass of 2§ kg. Assume 
the board”s CG 1s af 1ts cenfer. 

(ID Eigure 9—50 shows a païr of forceps used to hold a thin 
plastic rod firmly. If the thumb and finger each squeeze with 
a force Ƒr = g = 11.0N, what force do the forceps Jaws 
exert on the plastic rod? 


Rod 


FIGURE 9-50 
Problem 6. 


8.50 cm 2.70 cm 


Số 


(ID Two cords support a chandelier in the manner shown 
in Hig. 9-4 except that the upper cord makes an angle of 
45° with the celling. If the cords can sustain a force of 
1660N without breaking, what is the maximum chandelier 
weight that can be supported? 

(II) The two trees in Eig. 9-51 are 6.6m apart. A back- 
packer 1s trying to lift his pack out of the reach of bears. 
Calculate the magnitude of the force F that he must exert 
downward to hold a 19-kg backpack so that the rope sags 
at is midpoint by (2) 1.5 m, (b) 0.15 m. 


FIGURE 9-51 
Problems 8 and 70. 


Counterweight 
M=9500 kg 


9, (II) A 110-kg horizontal beam ¡s supported at each end. 
A 320-kg piano resfs a quarter of the way from one end. 
'What Is the vertical force on each of the supports? 

10. (I1) Calculate #4 and #g for the uniform cantilever shown 
1n Hig. 9—9 whose mass is 1200 kg. 

1í. (H) A 75-kg adult sits at one end of a 9.0-m-long board. 
His 25-kg child sits on the other end. (z) Where should the 
pIvot be placed so that the board is balanced, Ipgnoring 
the board”s mass? (b) Find the pivot point 1f the board is 
uniform and has a mass of 15 kg. 


m = 2800 kg [TP 


FIGURE 9-48 
(b) Problem 3. 
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12. 


13. 


14. 


1%, 


16. 


(TU) Find the tension In the two cords shown in Fig. 9—52. 
Neglect the mass of the cords, and assume that the angle Ø 1s 
33” and the mass 7 1s 190 kg. 


FIGURE 9-52 
Problem 12. 


(TT) Eind the tension ¡n the two 
wWires supporting the traffic light 
shown In Hg. 9-53. 


FIGURE 9-53 
Problem 13. 


(II) How close to the edge of the 24.0-kg table shown in 
Fig. 9—54 can a 66.0-kg person sit without tipping 1t over? 


< 2.20m ” 


FIGURE 9-54 


—1.20m † A Problem 14. 


0.50m 


(II) The force required to pull the cork out of the top of a 
wine bottle 1s in the range of 200 to 400N. What range of 
forces 1s required to = 
open a wine bottle 
with the bottle opener 
shown In Hig. 9-55? 


9 mm; 


FIGURE 9-55 
Problem 15. 


(II) Calculate #4 and #g for the beam shown in Eig. 9—56. 
The downward forces represent the weights of machinery 
on the beam. Assume the beam 1s uniform and has a mass 
of 280 kg. 


FA 4300N  3100N 2200N Fÿ 


"=—4.0m—+>~-3.0m->~*||  FIGURE 9-56 
2.0m 10m Problem 16. 


17. (II) Three children are trying to balance on a seesaw, which 


includes a fulcrum rock acting as a pivot at the cenfter, and 
a very lipht board 3.2m long (Fig. 9-57). Two playmates 
are already on either end. Boy A has a mass of 45 kg, and 
boy B a mass of 35 kg. Where should girl C, whose mass 1s 
25 kg, place herself so as to balance the seesaw? 


m = 45 kg 3 m= 35 kg 
h 
m= 25 kg 


FIGURE 9-57 Problem 17. 


18. (II) A shop sign weighing 215 N hangs from the end of a uni- 


form 155-N beam as shown In Fig. 9—58. Eind the tension In 

the supporting wire (at 35.0”), and the hor1zontal 

and vertical forces exerted by the hinge on the 

beam at the wall. [Hin: Flirst draw a 
{ree-body diagram.] 


FIGURE 9-58 
Problem 18. 


19. (II A traffic light hangs from a pole as shown In Eig. 9—59. 


The uniform aluminum pole AB 1s 7.20m long and has a 
mass of 12.0 kg. The mass of the traffic lipht 1s 21.5 kg. 
Determine (2) the tension ¡in the horizontal massless 
cable CD, and () the vertical and horizontal components 
Of the force exerted by the pivot A on the aluminum pole. 


FIGURE 9-59 
Problem 19. 


. (H) A uniform steel beam has a mass of 940 kg. On it is 


resting half of an identical beam, as shown In Eig. 9-60. 
'What Is the vertical support force at each end? 


°ssM 


sM 
1 


FIGURE 9-60 Problem 20. 
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2i. (H) A 2500-kg trailer 1s attached to a stationary truck at 
point B, Eig. 9—61. Determine the normal force exerted by 
the road on the rear tires at A, and the vertical force 
exerted on the trailer by the support B. 


FIGURE 9-61 Problem 21. 


22. (II) A 20.0-m-long uniform beam weiphing 650N rests on 
walls A and B, as shown in Fig. 9—62. (z) Find the maxiI- 
mum weigh( of a person who can walk to the extreme 
end D without tipping the beam. Eind the forces that the 
walls A and B exert on the beam when the person 1s stand- 
¡ng: (ð) at D; (c) 2.0m to the right of A. 


b 20.0m > 
C A D 
-3.0m 12.0m 


FIGURE 9-62 Problem 22. 


23. (II) A 0.75-kg sheet 1s centered on a clothesline as shown in 
Eig. 9—63. The clothesline on either side of the hanging sheet 
makes an angle of 3.5° with the horizontal. Calculate the 
tension in the clothesline (ignore its mass) on either side of 
the sheet. Why 1s the tension so much greater than the weiphf 
of the sheet? 


FIGURE 9-63 
Problem 23. 


24. (H) A 172-cm-tall person lies on a lipht (massless) board 
which is supported by two scales, one under the top of her 
head and one beneath the bottom of her feet (Fig. 9—64). 
The two scales read, respectively, 35.1 and 31.6 kg. What 
distance 1s the center of gravity of this person from the 
bottom of her feet? 


FIGURE 9-64 Problem 24. 


25. (II) A man do¡ing push-ups pauses in the position shown In 
Fig.9—65. His mass  = 68 kg. Determine the normal force 
exerted by the floor (z) on each hang; (5) on each foot. 


ị là " 


'42 cm. 95cm 
FIGURE 9-65 Problem 25. 


26. (HI) Two wires run from the top of a pole 2.6 m tall that 

supports a volleyball net. The two wires are anchored to 

the ground 2.0m apart, and each is 2.0 m from the pole 

(Eig. 9—66). The tension in each wire 1s 115 N. What 

1s the tension ¡n the net, assumed hor1zontal and 
attached at the top of the pole? 


FIGURE 9-66 
Problem 26. 


27. (II) A uniform rod AB of length 5.0m and mass ÄM⁄ = 3.8 kg 
1s hinged at A and held In equilibrium by a light cord, as 
shown In Hig. 9-67. A load W = 22N hangs from the rod 
at a distance đ so that the tension in the cord 1s 8ŠN. 
(2) Draw a free-body diasram for the rod. (5) Determine 
the vertical and horizontal forces on the rod 
exerted by the hinge. (c) Determine đ from I3⁄79 
the appropriafte torque equafion. ⁄ 


FIGURE 9-67 
Problem 27. 


28. (HI) You are on a pirate ship and being forced to walk the 
plank (Fig. 9—68). You are standing at the point marked C. 
The plank is nailed onto the deck at point A, and rests on 
the support 0.75 m away from A. The center of mass of the 
uniform plank is located at point B. Your mass 1s 65 kg and 
the mass of the plank 1s 45 kg. What is the minimum down- 
ward force the nails must exert on the plank to hold 1t in 
place? 


FIGURE 9-68 
Problem 28. | 
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29. (HI) A door 2.30m high and 1.30m wide has a mass of 


*30 


13.0 kg. A hinge 0.40m from the top and another hinge 
0.40 m from the bottom each support half the door”s weight 
(Fig.9—69). Assume that thecenter r————————] 
Of pravity 1s at the øeometrical 
center of the door, and determine 
the horizontal and vertical force 
componentfs exerted by each hinge 
on the door. 


FIGURE 9-69 


¡ 40cm 
Problem 29. Á ⁄ & Gò, 


(II A uniform ladder of mass 7# and lengpth £ 
leans at an angle Ø against a frictionless wall, 
Eig. 9-70. If the coefficlent of static friction 
between the ladder and the ground 1s g, 
determine a formula for the mininum 
angle at which the ladder will not sÌIp. 


FIGURE 9-70 
Problem 30. 


9-3 Muscles and Joints 


3Í. (1) Suppose the point of Insertion of the biceps muscle into 


32. 


33 


34. 


the lower arm shown in Eig. 9—13a (Example 9—8) ¡s 6.0 em 
1nstead of 5.0 cm; how much mass could the person hold 
with a muscle exertion of 450 N? 

(D Approximately what magnitude force, 4, must the 
extensor muscle in the upper arm exert on the lower arm 
to hold a 7.3-kg shot put (Fig. 9-71)? Assume the lower 
arm has a mass of 2.3 kg and its cG 1s 12.0cm from the 
elbow-]Joinf pIvot. 


FIGURE 9-71 
Problem 32. 


() Redo Example 9—9, assuming now that the person 1s 
less bent over so that the 30” in Eig. 9—14b 1s instead 45”. 
'What will be the magnitude of #ÿ on the vertebra? 


(H) (a) Calculate the magnitude of the force, F¡, required of 
the “deltoid” muscle to hold up the outstretched arm shown1n 
Fig. 9—72. The total mass of the arm 1s 3.3 kg. (b) Calculate 
the magnitude of the force # exerted by the shoulder joint on 
the upper arm and the angle (to the hor1zontal) at which it acts. 


FIGURE 9-72 Problems 34 and 35. 


35. (II Suppose the hand in Problem 34 holds an 8.5-kg mass. 


What force, #„¡, 1s required of the deltoid muscle, assum- 
1ng the mass 1s 52 cm from the shoulder Joint? 


36. 


37. 


(II) The Achilles tendon ¡s attached to the rear of the foot 
as shown 1n Fig. 9—73. When a person elevates himself Just 
barely off the floor on the “ball of one foot,” estimate the 
tension #†+ in the Achilles tendon (pulling upward), and 
the (downward) force #b exerted by the lower leg bone on 
the foot. Assume the person has a mass of 72 kg and D 1s 
twice as long as đ. 


Achilles 
tendon 


FIGURE 9-73 
Problem 36. 


(II) If25 kg ¡is the maximum mass ”m that a person can hold 
in a hand when the arm is positioned with a 105° angle 
at the elbow as shown 1n Fig. 9—74, what 1s the maximum 
force Fmạax that the biceps muscle exerts on the forearm? 
Assume the forearm and hand have a total mass of 2.0 kg 
with a CG that is 15 cm from the elbow, and that the biceps 
muscle attaches 5.0 cm 

from the elbow. 


FIGURE 9-74 
Problem 37. Ị 


9-4 Stability and Balance 


38. 


39. 


(II) The Leaning Tower of Pisa is 5Š m tall and about 7.7 min 
radius. The top 1s 4.5 m off center. Is the tower In stable equi- 
librium? If so, how much farther can 1t lean before it becomes 
unstable? Assume the tower 1s Of uniform composition. 
TM) Four bricks are to be stacked at the edge of a table, 
each brick overhanging the one below 1t, so that the top 
brick extends as far as possible beyond the edge of the 
table. (2) To achieve this, show that successive bricks must 
extend no more than (starting at the top) š, , ¿, and š 
of their lenpth beyond the one below (Fig. 9—-75a). (b) Is 
the top brick completely beyond the base? (c) Determine a 
general formula for the maximum total distance spanned by 
n bricks 1Ÿ they are to remain stable. (đ) A builder wanfts to 
construct a corbeled arch (Fig. 9—75b) based on the princi- 
ple of stability discussed ïn (2) and (c) above. What minimum 
number of bricks, each 0.30 m long and uniform, 1s needed 
1ƒ the arch 1s to span 1.0 m? 


Corbeled 
arch 


(b) 
FIGURE 9-75. Problem 39. 


Problems 255 


9-5 Elasticity; Stress and Strain 


40. 


4 


` 


42. 


43. 


45. 


4ó. 


47. 


48. 


49. 


() A nylon string on a tennis racket is under a tension of 
275N. Tf its diameter 1s 1.00 mm, by how much 1s 1t length- 
ened from ifs untensioned length of 30.0 cm? 

(DA marble column of cross-sectional area 1.4 m” supports 
a mass of25,000 kg. (2) What is the stress within the column? 
(b) What is the strain? 

(ID) By how much ïs the column in Problem 41 shortened If 
1t 1s 8.6 m hiph? 

() A sign (mass 1700 kg) hangs from the bottom end of a 
vertical steel girder with a cross-sectional area of 0.012 mử. 
(a) What ïs the stress within the girder? (5) What is the 
strain on the girder? (c) If the girder ¡s 9.50m long, how 
much ïs it lengthened? (Ignore the mass of the girder itself.) 


. (T) One liter of aleohol (1000 cm) 1n a flexible container 


1S carried to the bottom of the sea, where the pressure 1s 
2.6 x 105N/m”. What will be its volume there? 

(IH) How much pressure is needed to compress the volume 
of an iron block by 0.10%2 Express your answer in NÑ/mỸ, 
and compare it to atmospheric pressure (1.0 < 10ỶN/m?). 

(I) A 15-cm-long tendon was found to stretch 3.7 mm by 
a force of 13.4N. The tendon was approximately round 
with an average diameter of 8.5 mm. Calculate Young”s 
modulus of this tendon. 

(I) A steel wire 2.3 mm in diameter stretches by 0.030% 
when a mass is suspended from it. How large 1s the mass? 

(II) At depths of 2000 m In the sea, the pressure 1s about 
200 times atmospheric pressure (1 atm = 1.0 x 105N/m?). 
By what percentasge does the Interior space of an Iron 
bathysphere's volume change at this depth? 

(M) A scallop forces open ifs shell with an elastic mat- 
erial called abductin, whose Young's modulus 1s about 
2.0 x 10®N/m. If this piece of abductin is 3.0 mm thick 
and has a cross-sectional area of 0.50cm”, how much 
potential energy does 1t store when compressed 1.0 mm? 


9-6 Fracture 


50. 


ĐI, 


59. 


(ID The femur bone in the human leg has a minimum effec- 
tive cross section of about 3.0 em? (= 3.0 x 10m”). How 
much compressive force can it withstand before breaking? 
(I) (a) What Is the maximum tension possible In a 
1.00-mm-diameter nylon tennis racket string? (b) If you 
want tighter strings, what do you do to prevent breakage: 
use thinner or thicker strings? Why? What causes strings 
to break when they are hit by the ball? 


A woman holds a 2.0-m-long uniform 10.0-kg pole as shown 
1n Fig. 9-78. () Determine the forces she must exert with 
each hand (magnitude and direction). To what position 
should she move her left hand so that 
neiher hand has to exer( a Íorce 
øreater than (b) 150N? (c) 85N? 


FIGURE 9-78 
Problem 59. 


|—32 cm->| 


5. 


5%. 


“4 


». 


S6. 


60. 


(1U Ifa compressive foree of 3.3 < 10?N is exerted on the 
end of a 22-em-long bone of eross-sectional area 3.6 cm”, 
(a) will the bone break, and (0) If not, by how much does 
1t shorten? 

(T) (a) What ïs the minimum cross-sectional area required 
Of a vertical steel cable from which 1s suspended a 270-kg 
chandelier? Assume a safety factor of 7.0. (b) If the cable 
1s 7.5 m long, how much does 1t elongate? 

(T) Assume the supports of the uniform cantilever shown In 
Fig. 9—76 (m = 2900 kg) are made of wood. Calculate the 
minimum cross-sectional area required of each, assuming 
a safety factor of 9.0. 


20.0 m 


30.0 m—>| 


FIGURE 9-76 
Problem 54. 


(I) An ïiron bolt ¡is used to connect two iron plates 
together. The bolt must withstand shear forces up to about 
3300N. Calculate the minimum diameter for the bolt, based 
on a safety factor of 7.0. 

(HI) A steel cable 1s to support an elevator whose total 
(loaded) mass is not to exceed 3100 kg. If the maximum 
acceleration of the elevator is 1.8 m/ s”, calculate the điam- 
eter of cable required. Assume a safety factor of 8.0. 


*9-7 Arches and Domes 
#57. (IL How high must a pointed arch be I it 1s to span a space 


8.0m wide and exert one-third the horizontal force at Its 
base that a round arch would? 


*58. (II) The subterranean tension ring that exerts the balancing 


horizontal force on the abutments for the dome in Eig. 9—34 
1s 36-sided, so each sepment makes a 10° angle with the 
adjacent one (Eig. 9—77). Calculate the tension # that must 
exist In each segment so that the required force of 
4.2 <x 10°N can be exerted at each corner (Example 9—13). 


FIGURE 9-77 
Problem S8. 


420.000N 


Ï General Problems 


A cube of side £ rests on a rough floor. It is subjected to a 
steady hor1zontal pull #, exerted a distance h above the floor 
as shown In Eig. 9—79. As 1s Increased, the block wIÏll either 
begin to sÏide, or begin to tIp OVer. 
Determine the coefficlent 0Ÿ static 
friction / so that (z) the block 
begins to slide rather than tp; 
(5b) the block begins to tip. 
[Himr: Where will the normal KH  n 
force on the block act If it tips?] FIGURE 9-79 


Problem 60. 
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6í. A 50-story building 1s being planned. lí is to be 180.0m hiph 


62 


63 


64. 


with a base 46.0m by 76.0m. Ifs total mass will be about 
1.8 x 107kg, and its weight therefore about 1.8 < 10ŸN. 
Suppose a 200-km/h wind exerts a force of 950 NÑ/mỂ over 
the 76.0-m-wide face (Hg. 9—80). Calculate the torque about 
the potential pivot poïnt, 
the rear edge of the 


building (where + acts in | | tt kề s9tSÌ) 
Fig. 9-80), and determine 


whether the building will T _ _ 
I§ BE BÍ BS BS § 
tOppIle. Assume the total ETETTT 
force of the wind acts at | BB BB BR BW ¡ 
the midpoint of the build- ng 
ings face, and that the BN E5 B1 BỤ ẤN B5 _ 
building ¡is not anchored TH tan rán FA 
in bedrock. [Hữz: Fg in n : 1 n 
Fig. 9-80 represents the LH EH HH HE BỊ 
force that the Earth would H : ˆ- h1 
exert on the building ín LIN NhệtsVÏ BH ¡ 
the case where the building rà HH 1 
would just begin to tip.] F—— TÌM —n 


FIGURE 9-80 Forces on a building subjected 
to wind (2). gravity (m8), and the force Eb 
on the building due to the Earth 1f the 
building were Just about to tip. Problem 61. 


The center of gravity of a loaded truck depends on how the 
truck 1s packed. TỶ it is 4.0m hiph and 2.4m wide, and 1ts 
cG 1s 22m above the 
øround, how steep a slope 
can the truck be parked 
on without fipping over 
(Fig. 9—81)? 


FIGURE 9-81 
Problem 62. 


A uniform meter stick with a mass of 180 g ¡is supported 
hor1zontally by two vertical strings, one at the 0-cm mark 
and the other at the 90-cem mark (Fig. 9—82). What is the 
tension ïn the string (2) at 0 em? (5) at 90 cm? 


| Í 


| 
th 
90 


10 20 30 40 30 @ 0 80 


FIGURE 9-82 Problem 63. 


There 1s a maximum heipht of a uniform vertical column 
made of any material that can support itself without buck- 
ling, and it is ndependent of the cross-sectional area (why?). 
Calculate this height for (a) steel (density 7.8 x 10° kg/m)), 
and (Đ) granite (density 2.7 < 10” kg/m). 


65. When a mass of 25 kg 1s hung from the middle of a fixed 


66 


617. 


straight aluminum wire, the wire sags to make an angle of 
12° with the horizontal as shown in Eig. 9-83. Determine 
the radius of the wire. 


FIGURE 9-83 


Su: Problem 65. 


A 65.0-kg painter is on a uni- 
form 25-kg scaffold supported 
from above by ropes (Fig. 9—84). 
There 1s a 4.0-kg pail of paint 


to one side, as shown. Can the 10m 

pamter walk safely to both R 

ends of the scaffold? If not, => = 

which end($) is dangerous, and I0m b3 

how close to the end can he FIGURE 9-84 
approach safely? Problesm E6: 

A 15.0-kg ball is supported from the ceiling by rope A. 


Rope B pulls downward and to 
the side on the ball. If the angle 


68. 


69. 


70. 


ofA to the vertical is 22° and 1f B 
makes an angle of 53” to the ver- 
tical (Eig. 9—85), fnd the tensions 
1n ropes A and B. 


FIGURE 9-85 
Problem 67. 


The roof over a 9.0-m X 10.0-m room in a school has a 
total mass of 13,600 kg. The roof is to be supported by 
vertical wooden “2 4s” (actually about 4.0 em < 9.0 em) 
equally spaced along the 10.0-m sides. How many supports 
are required on each side, and how far apart must they be? 
Consider only compression, and assume a safety factor of 12. 


A 25-kg object is being liffed by two people pulling on the 
ends of a 1.15-mm-diameter nylon cord that goes Over two 
3.00-m-high poles 4.0 m apart, as shown In Elg. 9—8ó6. How 
hipgh above the floor wïll the objJect be when the cord breaks? 


FIGURE 9-86 Problem 69. 


A 23.0-kg backpack 1s suspended midway between two 
trees by a lipht cord as in Eig. 9—51. A bear grabs the back- 
pack and pulls vertically downward with a constant force, 
so that each section of cord makes an angle of 27° below 
the horizontal. Initially, without the bear pulling, the angle 
was 15°; the tension In the cord with the bear pulling 1s 
double what it was when he was not. Calculate the force 
the bear 1s exerting on the backpack. 
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71. 


Tà. 


73. 


74. 


75. 


Two identical, uniform beams are symmetrically set up 
against each other (Fig. 9-87) on a floor 

with which they have a coefficlent of fric- 

ton ¿ = 0.50. What 1s the minimum 

angle the beams can make with the 

floor and still not fal12 


FIGURE 9-87 
Problem 71. 


A steel rod of radius  = 15cm and length fy stands 
upright on a frm surface. A 65-kg man climbs atop the rod. 
(z) Determine the percent decrease In the rod”s length. 
(b) When a metal is compressed, each atom moves closer to 
1(s neighboring atom by exactly the same fractional amount. 
If iron atoms in steel are normally 2.0 < 10”!m apart, by 
what distance did this Interatomic spacing have to change 
1n order to produce the normal force required to support 
the man? [Noe: Neighboring atoms repel each other, and 
this repulsion accounts for the observed normal force. | 


A home mechanic wants to raise the 280-kg engine out of a 
car. The plan 1s to stretch a rope vertically from the engine 
to a branch of a tree 6.0m above, and back to the bumper 
(Eip. 9-88). When the mechanic climbs up a stepladder 
and pulls horizontally on the rope at its midpoint, the 
engine rises out of the car. (z) How much force must the 
mechanic exert to hold the engine 0.50 m above 1s normal 
positlon? (b) What is the system”s mechanical advantage? 


FIGURE 9-88 
Problem 73. 


A 2.0-m-high box with a 1.0-m-square base 1s moved across 
a rouph floor as In Eig. 9—89. The uniform box weighs 250 
and has a coefficient of static friction with the floor of 0.60. 
What minimnum force must be 

exerted on the box to make 1t HN, 
side? What ¡is the maximnum Sẽ 

height h above the floor that this | 
force can be applied without tip- 

ping the box over? Note that as 
the box tips, the normal force 
and the friction force will act at 
the lowest corner. 


20m 


Fị, 
FIGURE 9-89 
Problem 74. 


A tightly stretched horizontal “high wIre” 1s 36 m long. It 
saøs vertically 2.1 m when a 60.0-kg tightrope walker stands 
at 1s center. What 1s the tension In the wire? Is 1t possible 
to Increase the tension in the wire so that there 1s no sag? 


76 


T7 


78. 


‹ Parachutists whose chutes have failed to open have been 
known to survive 1ƒ they land in deep snow. Assume that a 
75-kg parachutist hits the ground with an area of Iimpact 
of 0.30 m” at a velocity of 55 m/s, and that the ultimate 
strength of body tissue is 5 x 10°N/m?. Assume that the 
person 1s brought to rest in 1.0m of snow. Show that the 
D€rSOn may escape serIOus 1njury. 


TỶ the left vertical support column in Example 9—5 1s made 
Of steel, what 1s 1ts cross-sectional area? Assume that a safety 
factor of 3 was used In i(s design to avoid fracture. 


The mobile in Hg. 9—90 ¡s in equilibrium. ObJect B has mass 
of 0.748 kg. Determine the masses of objects A, C, and D. 
(Neglect the weights of the crossbars.) 


30.00 cm 


15.00 em |5.00 cm 


D 
FIGURE 9-90 


Problem 78. 


79. In a mountain-climbing technique called the “Tyrolean tra- 


verse,” a rope 1s anchored on both ends (to rocks or strong 
trees) across a deep chasm, and then a climber traverses the 
rope while attached by a sling as in Hig. 9—91. This technique 
generaftes tremendous forces In the rope and anchors, so a 
basic understanding of physics 1s crucial for safety. A typical 
climbing rope can undergo a tension force of perhaps 29 kN 
before breaking, and a “safety factor” of 10 1s usually recom- 
mended. The length of rope used in the Tyrolean traverse 
must allow for some “sag” to remain In the recommended 
safety range. Consider a 75-kg climber at the center of a 
Tyrolean traverse, spanning a 25-m chasm. (2) To be within 1ts 
recommended safety range, what minimum distance x must 
the rope saø? (b) If the Tyrolean traverse is sef up incorrectly 
so that the rope sags by only one-fourth the distance found in 
(z), determine the tension in the rope. Ignore s(retching of 
the rope. WII the rope break? 


` 
5 


75 kg 


FIGURE 9-91 
Problem 79. 
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$0. When a wood shelf of mass 6.6 kg 1s fastened Inside a sÏot in a 


verfical support as shown In Fig. 9—92, the supporft exerts a 
torque on the shelf. (2) Draw a free-body diapram for the 


8í. A cubic crate of side s = 2.0m 1s top-heavy: 1s CG 1s 


18 cm above Ifs true center. How steep an Incline can the 
crafte rest on without tipping over? [Hní: The normal force 


shelf, assuming three vertical forces (two exerted by the 
support slot—explain why). Then calculate (b) the magni- 
tudes of the three forces and (c) the torque exerted by the 
support (about the left end of the shelf). 


would act at the lowest corner.] 


32.0cm————————>l dị 


G3 


.0 em 


—>l 


FIGURE 9-92 = 3  cửn 


Problem 60. 


j Search and Learn 


{. Stand facing a wall with your toes tight against the wall, and 4. In Example 9-6, the torque is calculated around the axis 


øo up on your fiptoes. Then turn around and push your back 
against the wall with your heels tipht against the wall. Using 
the ideas of Section 9-4, explain why you can or cannot 
perform these motions. 


. From what minimum height must a 1.2-kg rectangular brick 
15.0cm x 6.0cm X 4.0cm be dropped above a rigid steel 
floor in order to break the brick? Assume the brick strikes 
the floor directly on ifs largest face, and that the compres- 
sion of the brick is much greater than that of the steel (that 
1S, iøtore compression of the steel). State other simplifying 
assumptlons that may be necessary. 


. Suppose a 65-kg person Jumps from a height of 3.0m down 
to the ground. (2z) What ¡s the speed of the person jusf 
before landing (Chapter 2)? (b) Estimate the average 
force on the person”s feet exerted by the ground to bring the 
person to rest, If the knees are bent so the person's cG 
moyes a distance đ = 50cm during the deceleration period 
(Eig. 9-93). [H7inr: This force exerted by the ground # net 
force. You may want to consult Chapters 2, 4, and 7, and 
be sure to draw a careful free-body diapram of the person.] 
(c) Estimate the decelerating force if the person lands 
stiff-legøed so đ + 1.0cm. (đ) Estimate the stress in the 
tbia (a lower leøg bone of 
area = 3.0 x 10'm2), and 
determine whether or not 
the bone will break If the 
landing is made with bent 
legs (đ = 50 cm). (e) Estimate 
the stress and determine If the 
tbia wIl break in a sti- 
legged landing (đ = 1.0 cm). 


FIGURE 9-93 - 
Search and Learn23. 7 — 8N 


where the cable is attached to the beam. (2) By using the 
37 = 0 equation with this axis Of rotation, how do you know 
that the vertical force on the hinge points up and not down? 
(b) What advantage would be gained in solving part (2) 1Ÿ 
the axis of rotation were chosen around the hinge instead 
of around the point where the cable is attached? (c) Show 
that you get the same answer as in Example 9—6 1f you solve 
the problem as in part (). (đ) In general, do you see any 
patterns in Sectlons 9-2 and 9-3 for choosing the axis of 
rofafion to solve Problems in this Chapter? 


. Consider a ladder with a painter climbing up it (Fig. 9—94). 


The mass of the uniform ladder 
1s 12.0 kg, and the mass of the 
painter ¡s 55.0 kg. If the ladder 
begins fo sÏip at 1s base when 

the painters feet are 70% 

of the way up the length of 
the ladder, what 1s the coef- 
ficlent of static friction 
between the ladder and the 
floor? Assume the wall 1s 
frictionless. 


FIGURE 9-94 
Search and Learn 5. 


ANSWERS TO EXERCISES 


Á:¿ FA also has a component to balance the sideways C: ỨN = mAg& † mạpạg + Mg 


force Ƒạ§. = (30kg + 25 kg + 4.0 kg) ø = 560N. 
B: Yes: cos 0 (angle of bar with pround) appears on both sides D: (2). 
and cancels out. E¿: (0). 
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Phases of Matter 
Density and Specific Gravity 
Pressure In Fluids 


Atmospheric Pressure and 
Gauge Pressure 


Pascal's Principle 


Measurement of Pressure; 
Gauges and the Barometer 


Buoyancy and Archimedes” 
Principle 


Fluids in Motion; Flow Rate and 
the Equation of Continuity 


Bernoull7s Equation 


Applications of Bernoulli's 
Principle: Torricelli, 
Airplanes, Baseballs, Blood 
Flow 

'ViscosIty 

Flow in Tubes: Poiseuille's 
Equation, Blood Flow 
Surface Tension and 
Capillarity 

Pumps, and the Heart 


W© start our study with fluids at rest, sụch as water In a glass or a lake. Pressure In a fluid 
1ncreases with depth, a fact that allows less dense objects to float—the pressure 
underneath 1s hipgher than on top. When fluids flow, such as water or aïr, Interesting 
effects occur because the pressure In the fluid 1s lower where the fluid velocity 1s hipher 
(Bernoullfs principle). 

The great mass of a glacier”s ice (photos here) moves slowly, like a viscous liquid. The 
dark lines are “moraines,” made up of rock broken off mountain walls by the moving Ice, 
and represent s(reamlines. The two phoftos, taken In 1929 and 2009 by Italian expeditions 
to the mountain K2 (on the right ïn the distance), show the same glacier has become less 
thick, presumably due to global warming. 


Fluids 


CHAPTER-OPENING QUESTIONS—Guess now! 


1. Which container has the largest pressure at the bottom? Assume each con- 
tainer holds the same volume oŸ water. 


(a) (b) (c) (d) (e) 
The 

Df€SSures 
: equal. 


2. Two balloons are tied and hang with their nearest edges 
about 3cm apart. If you blow between the balloons (not z/ 
the balloons, but at the opening between them), what will 
happen? 

(a) Nothing. 

(b) The balloons wIll move closer together. 


(c) The balloons wIll move farther apart. 
n previous Chapters we considered objects that were solid and assumed to 
| maintain their shape except for a small amount of elastic deformation. We 
sometimes treated objects as point particles. Now we are going to shift our 
attention to materlals that are very deformable and can flow. Such “fluids” include 
liquids and gases. We will examine fluids both at rest (fluid statics) and in motion 
(fuid dynamics). 


I0—-] Phases of Matter 


The three common phases, or sfafes, of matter are solid, liquid, and gas. A simple 
way fo distinguish these three phases 1s as follows. A solid maintains a generally 
ñixed s1ze and shape; usually 1t requires a large force to change the volume or 
shape of a solid” (although a thin object might bend). A liquid does not maintain 
a ñxed shape——t takes on the shape oŸ 1ts container, and 1t can flow; but like a solid 
1t 1s not readily compressible, and 1ts volume can be changed significantly only by a 
very large force. A gas has neither a fixed shape nor a fixed volume——it will expand 
to ÑñÏll 1s container. For example, when aïr 1s pumped Into an automobile tire, the 
aIr does not all run to the bottom of the tire as a liquid would; 1t spreads out to fill 
the whole volume of the tire. 

Because liquids and gases do not maintaIn a fixed shape, they both have the 
ability to flow. They are thus referred to collectively as fluids. 

The division of matter into three phases 1s not always simple. How, for example, 
should butter be classiied? Furthermore, a fourth phase of matter can be distin- 
guished, the plasma phase, which occurs only at very high temperatures and consIsts 
Of ionized atoms (electrons separated from the nucleï). Some scientists believe that 
colloidls (suspensions of tiny particles in a liquid) should also be considered a separafe 
phase of matter. Liquid crysfals, used in TV, cell phone, and compufer screens, 
can be considered a phase of matter 1n between solids and liquids. For now, we 
will be Interested In the three ordinary phases of matter. 


10-2 Density and Specific Gravity 


]t 1s sometimes said that 1ron 1s “heavier” than wood. This cannot really be true 
since a large log clearly welghs more than an 1ron nail. What we should say 1s that 
1ron 1s more đense than wood. 

The đensify, o, of a substance (p 1s the lowercase Greek letter rho) is defined 
aS 1s mass per unIt volume: 

— TH 
p v' 

where 7 1s the mass ofa sample of the substance and W 1ts volume. Density 1s a char- 
acteristic property of any pure substance. Objects made of a particular pure substance, 
such as pure gold, can have any s1ze or mass, but the density will be the same for each. 

We can use the concept of density, Eq. 10—1, to write the mass of an ob]Ject as 


(10-1) 


m = pW, 
and the weight of an ob]Ject as 
mg = pVg. 


The SI unit for density is kg/mỶ. Sometimes densities are given in g/cmỶ. 
Note that a density given in ø/cmỶ must be multiplied by 1000 to give the result 
in kg/m°” [1kg/mẺ = 1000g/(100 cm)? = 10°g/10®cm” = 103g/cmỶ]. For 
example, the density of aluminum is ø = 2.70g/cm”, which equals 2700 kg/mỶ. 
The densitles of various substances are given in Table 10—1. The Table speciies 
temperature and atmospherIc pressure because they affect density (the effect 1s 
slipht for liquids and solids). Note that air is about 1000 times less dense than water. 


EXAMPLE 10-1 | Mass, given volume and density. What is the mass oÝ a 
solid Iron wrecking ball of radius 18 cm? 


APPROACH First we use the standard formula Wƒ = 3Ÿ (see inside rear cover) 
to obtain the sphere”s volume. Then Eq. 10—1 and Table 10—1 give us the mass 7. 


SOLUTION The volume of the sphere 1s 
V = ‡mr` = 3(3.14)(018m)°` = 0.024mẺ. 
From Table 10—1, the density of iron is ø = 7800 kg/mỷ, so Eq. 10—1 gives 


m = pV = (7800kg/m°)(0024m”) = 190kg. 


ÏSection 9—5. 


TABLE 10—1 
Densities of Substances 
Density, 
Subsftance p (kg/m°) 
Solids 
Aluminum 2.70 < 10Ỷ 
lron and steel 78 x10 
Copper 8.9 x 107 
Lead 113 x10 
Gold 193 x 10 
Concrete 23 x10 
Granite 27 x10 
Wood (typical) 0.3—-0.9 x 107 
Glass,common 2.4-2.8 x 10 
Ice (H;ạO) 0.917 x 10” 
Bone 1.7-2.0 x 10 
Liquids 
Water (4°C) 1.000 x 107 
Sea water 1.025 x 10” 
Blood, plasma 103 x 10 
Blood, whole 105 x 10! 
Mercury 136 x10 
Alcohol, ethyl 0/79. x 10 
Gasoline 0.7-0.8 x 10 
Œases 
Air 1.29 
Helium 0.179 
Carbon dioxide 1.98 
Water (steam) 0.598 


(100°C) 


*Densities are given at 0°C and 1 atm 
pressure unless otherwise specified. 
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Â*CAUTION 
Pressure is a scaÌar, not q ĐeCfOF 


FIGURE 10-1 Pressure ¡s the same 
1n every direction In a nonmoving 
fluid at a given depth. If this weren't 
true, the fluid would be in motion. 


FIGURE 10-2 If there were a 
component of force parallel to the 
solid surface of the container, the 
liquid would move In response to 1t. 
For a liquid at rest, #j = 0. 
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The specific gravify of a substance 1s defined as the ratio of the density 
of that substance to the density of water at 4.0°C. Because specific gravity 
(abbreviated SG) ïs a ratio, 1t 1s a simple number without dimensions or 
units. For example (see Table 10-1), the specific gravity of lead 1s 11.3 
[(11.3 x 10 kg/m)/(1.00 x 10°kg/m?)]. The SG of alcohol is 0.79. 

The concepts of density and specific øravity are especially helpful in the study 
of fluids because we are not always dealing with a fixed volume or mass. 


lIÖ-3 Pressure in Fluids 


Pressure and force are related, but they are not the same thing. Pressure 1s defined 
as force per unIt area, where the force # 1s understood to be the magmitude of 
the force acting perpendicular to the surface area A: 


pressurte = ? = —-: (10-2) 


Althoupgh force 1s a vector, pressure 1s a scalar. Pressure has magnitude only. The 
SI unit of pressure is Ñ/mể. This unit has the official name pascal (Pa), in honor 
of Blaise Pascal (see Section 10-5); that is, 1 Pa = 1N/ m”. However, for sim- 
plicity, we will often use Ñ/m. Other units sometimes used are dynes/cm°, and 
Ib/in.ˆ (pounds per square inch, abbreviated “psi”). Several other units for pressure 
are discussed in Sections 10-4 and 10-6, along with conversions between them 
(see also the Table Inside the front cover). 


Calculating pressure. A 60-kg person's two feet cover 
an area of 500 cm. (2) Determine the pressure exerted by the two feet on the 
ground. (b) If the person stands on one foot, what will be the pressure under 
that foot? 


APPROACH Assume the person 1s at rest. Then the ground pushes up on her 
with a force equal to her weipht 7g, and she exerts a force 7g on the ground 
where her feet (or foot) contact it. Because 1 cm” = (10 ”m)? = 10m”, then 
500 cm” = 0.050 m. 


SOLUTION (z) The pressure on the ground exerted by the two feet 1s 


F 60 kg)(9.8 m/sŸ 
THỦ SỐ =, Ì = 12x 10°N/nẺ, 
AA (0.050 m?) 


(b) If the person stands on one foot, the force 1s still equal to the person”s 
weight, but the area wIll be half as much, so the pressure will be twice as much: 
24 x 10°N/m”. 


Pressure 1s particularly useful for dealing with fluids. It is an experimental 
observation that a fliuid exerfs pressure in eUery direcfon. Thịs 1s well known to 
swimmers and divers who feel the water pressure on all parts of thelr bodies. At 
any depth 1n a fluid at rest, the pressure 1s the same 1n all directions at that gIven 
depth. To see why, consider a tiny cube of the fluid (Eig. 10—1) which is so small 
that we can consider 1t a poïnt and can 1gnore the force of øravity on 1t. The pres- 
Sure on one side of 1t must equal the pressure on the opposife side. IÝ this weren't 
true, there would be a net force on the cube and 1t would start movinz. Ifthe fluid 
1s not flowing, then the pressures must be equal. 

For a fluid at rest, the force due to fluid pressure always acts perpendicular 
to any solid surface 1t touches. IÝ there were a component of the force parallel 
to the surface, as shown 1n Eig. 10-2, then according to Newton”s third law the 
solid surface would exert a force back on the fluid, which would cause the fluid to 
flow—m contradiction to our assumption that the fluid 1s at rest. Thus the force 
due to the pressure 1n a fJuid at rest 1s always perpendicular to the surface. 


We now calculate quantitatively how the pressure In a liquid of uniform 
density varies with depth. Let us look at a depth  below the surface of the liquid 
as shown In Fig. 10-3 (that is, the liquid”s top surface 1s a heipht h above this level). 
The pressure due to the liquid at this depth ởh 1s due to the weight of the column 
of liquid above 1t. Thus the force due to the weight of liquid acting on the area 4 
IS F = mg = (pV)g = pAhg, where Ah 1s the volume of the column of liquid, 
p 1s the densify of the liquid (assumed to be constant), and ø ¡s the acceleration 
Of pravity. The pressure ? due to the weIght of liquid 1s then 


F pAhg 
Ðẽ ` sẽ S 
A A 
P = pạh. [Iiquid] (10-3a) 


Note that the area 4 doesn't affect the pressure at a given depth. The fluid pres- 
sure 1s đirectly proportional to the density of the liquid and to the depth within the 
liquid. In general, 0he pressure at equal depths tuithin a umiƒorm liquid is the same. 


EXERCISE A Return to Chapter-Opening Question 1, page 260, and answer 1í again 
now. Try to explain why you may have answered differently the first time. 


Equation 10-3a 1s extremely useful. It is valid for fluids whose density 1s 
consfant and does not change with depth——that 1s, 1Ý the fluid 1s /mcomressible. 
Thís 1s usually a good approximation for liquids (although at great depths in the 
ocean, the density of water 1s Increased some by compression due to the 
øreat weipht of water above). 

Tf the density of a fluid does vary, a useful relation can be found by considering a 
thin hor1zontal slab of the fluid of thickness Ah = h; — hị. The pressure on the 
top of the slab, at depth h¡, 1s ị = ogh¡. The pressure on the bottom of the slab 
(pushing upward), at depth h;, Is › = pgh;. The difference In pressure Is 


lÀiP $=- Tý mui pa(h; = h) 
OT 
AP= pgÀ¡h. [p  constant over Ah] (10-3b) 


Equation 10—3b tells us how the pressure changes over a small change in depth (Ah) 
withm a fluid, even 1ƒ compressIble. 

Gases are very compressible, and density can vary significantly with depth. 
For this more general case, in which p may vary, we need to use Eq. 10—-3b where 
A?h should be small 1Ÿ  varies significantly with depth (or height). 


Pressure at a faucet. The surface of the water In a storage 
tank 1s 30m above a water faucet In the kitchen of a house, Fig. 10-4. Calcu- 
late the difference in water pressure between the faucet and the surface of the 
water In the tank. 


APPROACH Water Is practically incompressible, so ø is constant even for a 
Ah = 30m when used in Eq. 10-3b. Only Ah matters; we can ignore the 
“route” of the pipe and 1ts bends. 

SOLUTION_ We assume the atmospheric pressure at the surface of the water in 
the storage tank 1s the same as at the faucet. So, the water pressure difference 
between the faucet and the surface of the water In the tank 1s 


AP = pgAh = (10 x 10kg/m)(9.8m/s?(30m) = 2.9 x 107N/m'. 


NOTE The height A7 is sometimes called the pressure head. In this Example, 
the head of water 1s 30 m at the faucet. The very different diameters of the tank 
and faucet don't affect the result—only height does. 


EXERCISEB A dam holds back a lake that is 8Š m deep at the dam. If the lake ¡s 20 km 
long, how much thicker should the dam be than 1ƒ the lake were smaller, only 1.0 km long? 


Í lÝ—zÁ 
jN_= 


FIGURE 10-3 Calculating the 


pressure at a depth ? In a liquid, due 


to the weight of the liquid above. 


@ÒPHvsics APPLIED 
Water supply 


FIGURE 10-4 Example 10-3. 
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đÒPnvsics APPLIED 
Pressure on liuing cells 
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FIGURE 10-5 Example 10-4. 
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10-4 Atmospheric Pressure 
and Gauøge Pressure 


Atmospheric Pressure 


The pressure of the Earth's atmosphere, as 1n any fluid, changes with depth. But 
the Earth's atmosphere 1s somewhat complicated: not only does the density of air 
vary greatly with altitude but there 1s no distinct top surface to the atmosphere 
from which h (in Eq. 10-3a) could be measured. We can, however, calculate the 
approximate difference 1n pressure between two altitudes above Earth”s surface 
using Eq. 10—3b. 

The pressure of the a1r at a given place varies slipghtly according to the weather. 
At sea level, the pressure of the atmosphere on average ¡s 1.013 x 10°N/m? 
(or 14.7 Ib/in.”). This value lets us define a commonly used unit of pressure, the 
atmosphere (abbreviated atm): 


latm = 1.013 x 10N/m” = 101.3kPa. 


Another unit of pressure sometimes used (in meteorolosy and on weather maps) 
1s the bar, which 1s defined as 


1bar = 1.000 x 105N/mẺ. 


Thus standard atmospheric pressure 1s sliphtly more than 1 bar. 

The pressure due to the weight of the atmosphere 1s exerted on all obJects 
1mmersed In this øgreat sea of air, including our bodies. How does a human body 
withstand the enormous pressure on 1s surface? The answer 1s that living cells 
maintain an Internal pressure that closely equals the external pressure, Just as 
the pressure Inside a balloon closely matches the outside pressure of the atmos- 
phere. An automobile tire, because 01s rigidity, can mainftain Internal pressures 
much greater than the external pressure. 


CONCEPTUAL EXAMIPLE 10-4 | Finger holds water ïn a straw. You Insert 


a straw of length £into a tall glass of water. You place your finger over the top 
Of the straw, capturing some arr above the water but preventing any additional aIr 
from getting In or out, and then you hift the straw from the water. You find that 
the straw retains most of the water (Eig. 10—5a). Does the aïr in the space between 
your finger and the top of the water have a pressure ? that 1s preater than, equal 
to, or less than, the atmospheric pressure #‡ outside the straw? 


RESPONSE Consider the forces on the column of water (Fig. 10—5b). Atmospheric 
pressure oufside the straw pushes upward on the water at the bottom of the straw, 
øravity pulls the water downward, and the air pressure Inside the top of the 
straw pushes downward on the water. Since the water Is in equilibrium, the 
upward force due to atmospheric pressure #; must balance the two downward 
forces. The only way this 1s possIble 1s for the air pressure P1nside the straw at the 
top to be /ess /han the atmosphere pressure outfside the straw. (When you initially 
remove the straw from the water glass, a little water may leave the bottom of 
the straw, thus Increasing the volume of trapped air and reducing 1ts density 
and pressure.) 


Gauge Pressure 
]t 1s Important to note that tire gauges, and most other pressure øauges, regIster the 
pressure above and beyond atmospheric pressure. This 1s called gauge pressure. 
Thus, to get the absolufe pressure, ?, we must add the atmospheric pressure, , 
to the øauge pressure, g;: 

P= loi + th. 
lỶ a tire gauge registers 220kPa, the absolute pressure withim the tire 1s 
220 kPa + 101 kPa = 321 kPa, equivalent to about 3.2atm (2.2atm gauge 
pr€Ssure). 


10-5 Pascal“s Principle 


The Earth's atmosphere exerts a pressure on all objects with which 1t 1s In con- 
tact, including other fluids. External pressure acting on a fluid 1s transmitted 
throughout that fluid. Eor instance, according to Eq. 10—3a, the pressure due to 
the water at a depth of 100m below the surface of a lake Is P = pg Áh = 
(1000 kg/m?)(9.8 m/s?)(100m) = 9.8 x 107N/m”, or 9.7atm. However, the 
total pressure at this point ¡s due to the pressure of water plus the pressure of 
the air above 1t. Hence the total pressure (If the lake ¡is near sea level) Is 
9.7atm + 1.0atm = 10.7 atm. This 1s just one example of a general principle 
attributed to the French philosopher and scientist Blaise Pascal (1623-1662). 
Pascal?s principle states that 7ƒ an external pressure is applied to a confined fiuid, 
the pressure at eUery poim tuithin the ƒluid increases by that qmOu11. 
A number of practical devices make use of Pascal”s principle. One example 1s 
the hydraulic lift, 1llustrated in Fig. 10—6a, in which a small input force 1s used to @® PHYSICS APPLIED 
exert a large output force by making the area ofthe output piston larger than the area Hydraulic lHƒt 
of the input piston. To see how this works, we assume the Input and ouftput 
pIstons are at the same height (at least approximately). Then the external input 
force lịn, by Pascals principle, Increases the pressure equally throughout. 
Therefore, at the same level (see Fig. 10—6a), 


Tu " Thụ 


where the input quantifies are represented by the subscript “in” and the oufput 
by “out.” Since P = Ƒ/A, we write the above equality as 


F out = Tần 

em bn 
OT 

F out = Art 

Tạ Âm 


The quantity gu Fịn 1s called the mechanical adyantage of the hydraulic lift, and 
1t 1s equal to the ratio of the areas. For example, 1f the area of the output piston 
1s 20 times that of the input cylinder, the force 1s multiplied by a factor of 20. 
Thus a force of 200 Ib could lift a 4000-Ib car. 


FIGURE 10-6 Applications of Pascal”s principle: (a) hydraulic lIft; 
(b) hydraulic brakes In a car. 


Master 
cylinder 


Pedal 


cylinder 


Disk, 
(a) (b) attached to wheel 


Eigure 10-ó6b 1llustrates the brake system of a car. When the driver presses @® PHYSICS APPLIED 
the brake pedal, the pressure In the master cylinder Increases. This pressure Hydraulic brakes 
1ncrease occurs throughout the brake fluid, thus pushing the brake pads against 
the disk attached to the car”s wheel. 
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(b) Aneroid gauge (used mainly air in tire É 
for alr pressure, and then 
called an aneroid barometer) (c) Tire gauge 


FIGURE 10-7 Pressure gauges: (a) open-tube manometer, (b) aneroid gauge, and 


(c) common tire pressure øauge. 


# PROBLEM SOLVING 


se SĨ unữt in calculaHoms: 
1Pa = 1N/m? 
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10-6 Measurement of Pressure; 
Gauges and the Barometer 


Many devices have been 1nvented to measure pressure, some of which are shown 
in Fig. 10—7. The simplest 1s the open-ixbe manometer (Eig. 10-7a) which 1s a 
U-shaped tube partially filled with a liquid, usually mercury or water. The pres- 
sure  being measured 1s related (by Eq. 10-3b) to the difference in height Ah 
of the two levels of the liquid by the relation 


P = htpgAh, [manometer] (10-3c) 


where # is atmospheric pressure (acting on the top of the liquid m the left-hand 
tube), and ø 1s the density of the liquid. Note that the quantity og A 1s the gauge 
pressure—the amount by which P exceeds atmospheric pressure #„. If the liquid 
1n the left-hand column were lower than that in the righf-hand column, P would 
have to be less than atmospheric pressure (and Ah would be negative). 

Instead of calculating the product pg A”, sometimes only the change mm height Ah 
1S specified. In fact, pressures are sometimes specified as so many “mmllimeteTs 
of mercury” (mm-Hg) or “mm of water” (mm-H;O). The unit mm-Hg 1s equivalent 
to a pressure of 133 NÑ/m”, because øg A7 for 1 mm (= 1.0 x 103m) of mercury 
ØIVeS 


pgAh = (13.6 x 10°kg/m°)(9.80 m/s”?)(1.00 x 103m) 


1.33 x 10?N/m. 


The unit mm-Hg 1s also called the torr in honor of Evangelista Torricelli 
(1608—1647), a student of Galileo's who invented the barometer (see top of next 
page). Conversion factors among the various unifs of pressure (an incredible 
nuisance!) are given in Table 10-2. It is important that only N/mẺ = Pa, the 
proper SI uni, be used in calculations involving other quantities specified in 
SI unIts. 

Another type of pressure gauge 1s the aneroid gauge (Fig. 10—7b) in which 
the pointer 1s linked to the flexible ends of an evacuated thin metal chamber. In 
electronic gauges, the pressure may be applied to a thin metal diaphragm 
whose resulting deformation 1s translated into an electrical signal by a transducer. 
A common tire gauge uses a spring, as shown 1n Fig. 10—7c. 


TABLE 10-2 Conversion Factors Between Different Units of Pressure 
In Terms of 1 Pa = 1N/mẺ 


1atm = 1.013 x 107N/mZ 
1.013 x 10 Pa = 101.3 kPa 
1 bar = 1.000 x 107N/mZ 
1 dyne/cm” = 0.1N/mŸ 
1Ib/in.2 = 6.90 x 103N/mŸ 
1Ib/fỨ = 47.9N/mŸ 
1em-Hg = 1.33 x 10N/m? 
1mm-Hg = 133N/mŸ 
1 torr = 133N/m 
1 mm-H;O (4°C) = 9.80 N/mˆ 


1 atm in Different Units 


1.013 x 105N/mZ 


lI 


1atm 


lI 


1atm = 1.013 bar 

1atm = 1.013 x 109 dyne/cm? 
1atm = 14.7Ib/in.2 

1atm = 2.12 x 10°Ib/fỨ 

1 atm = 76.0cm-Hg 

1atm = 760mm-Hg 

1 atm = 760torr 

1atm = 1.03 x 10mm-H;O (4°C) 
10m of water 


lI 


lI 


à 


Atmospheric pressure can be measured by a modified kind of mercury 
manometer with one end closed, called a mercury baromefer (Fig. 10-8). The 
glass tube 1s completely filed with mercury and then Inverted Into the bowl of 
mercury. If the tube 1s long enouph, the level of the mercury wIill drop, leaving a 
vacuum at the top of the tube, since atmospheric pressure can support a column 
of mercury only about 76 cm high (exactly 76.0 em at standard atmospheric pres- 
sure). That is, a column of mercury 76 em high exer(s the same pressure as the 
atmosphere": 


P =pgÀAh 
= (13.6 x 10 kg/m?)(9.80 m/s?)(0.760m) = 1.013 x 10°N/m7 = 1.00 atm. 


Household barometers are usually of the aneroid type (Eig. 10—7b), either mechan- 
1cal (with dial) or electron1c. 

A calculation similar to that just done will show that atmospheric pressure 
can maintain a column of water 10.3 m high In a tube whose top 1s under vacuum 
(Eig. 10-9). No matter how good a vacuum pump 1s, wafer cannot be made to 
rIse more than about 10m under normail atmospheric pressure. To pump water 
out of deep mine shafts with a vacuum pump requires multiple stages for depths 
greater than 10m. Galileo studied this problem, and his student Torricelli was 
the first to explain 1t. The point 1s that a pump does not really suck water up a 
tube—It merely reduces the pressure at the top of the tube. Atmospheric air 
pr€ssure shes the water up the tube If the top end is at low pressure (under a 
vacuum), jusf as It is air pressure that pushes (or maintains) the mercury 76 em 
high in a barometer. [Force pumps, Section 10—14, can push hipher.] 


CONCEPTUAL EXAMPLE_ 10-5 


tion cup shoes for space shuttle astronauts working on the exterior of a spacecraft. 
Having just studied this Chapter, you gently remind him of the fallacy of this 
plan. What 1s 1t? 


Suction. A novice engineer propoS€S Suc- 


RESPONSE Suction cups work by pushing out the air underneath the cup. 
What holds the suction cup im place 1s the air pressure oufside it. (This can be 
a substantial force when on Earth. For example, a 10-cm-diameter suction 
cụp has an area of 7.9 x 103m”. The force of the atmosphere on it is 
(7.9 x 10 3m?)(1.0 x 107N/m?) + 800N, about 180Ibs!) But in outer space, 
there 1s no aIr pressure to push the sucfion cup onto the spacecraft. 


We sometimes mistakenly think of suction as something we actively do. For 
example, we Iintuitively think that we pull the soda up throuph a straw. Instead, 
what we do 1s lower the pressure at the top of the straw, and the atmosphere /shes 
the soda up the straw. 


“This calculation confirms the entry in Table 10-2, 1 atm = 76.0 cm-HBg. 
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FIGURE 10-8 A mercury barometer, 
invented by Torricelli, is shown here 
when the air pressure 1s standard 
atmospheric, 76.0 cm-Hg. 


FIGURE 10-9 A water barometer: 

a full tube of water (longer than 10 m), 
closed at the top, is Inserted into a 
tub of water. When the submerged 
bottom end of the tube 1s unplugsed, 
some water flows out of the tube 
Info the tub, leaving a vacuum at the 
top of the tube above the water”s 
upper surface. Why? Because alr 
pressure can support a column of 
water only 10 m hiph. 
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FIGURE 10-10 Determination of 
the buoyant force. 
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10-27 Buoyancy and 
Archimedes' Principle 


ObJects submerged In a fluid appear to weigh less than they do when oufside the 
fluid. For example, a large rock that you would have difficulty lifting off the 
ground can often be easily lifted from the bottom of a stream. When you hit 
the rock through the surface of the water, 1t suddenly seems to be much heavIer. 
Many obJects, such as wood, float on the surface of water. These are two exam- 
ples of buoyaney. In each example, the force oŸ gravify is acting downward. But 
in addition, an upward buoyam: ƒorce 1s exerted by the liquid. The buoyant 
force on fish and underwater divers almost exactly balances the force 0 gravIty 
downward, and allows them to “hover”1n equilibrium. 

The buoyant force occurs because the pressure 1n a fluid increases with depth. 
Thus the upward pressure on the bottom surface of a submerged object 1s greafter 
than the downward pressure on Its top surface. To see this effect, consider a 
cylinder of height Ah whose top and bottom ends have an area 4 and which 1s 
completely submerged In a fluid of density øg, as shown 1n Fig. 10-10. The 
fluid exerts a pressure ¡ = ørgh; at the top surface of the cylinder (Eq. 10-3a). 


Ah = hạ — hị 


: 


The force due to this pressure on top of the cylnder 1s } = PA = pgghì A, 
and 1t 1s directed downward. Similarly, the fluid exerts an upward force on the 
bottom of the cylnder equal to #2 = A = pggh; A4. The net force on the cylin- 
đer exerted by the fluid pressure, which 1s the buoyant force, E}, acts upward and 
has the magnitude 
th hiên “nh pr8A(h; = hị) 
= prgAAh 
= prV& 


trr 6: 


where ƒ = 4A” 1s the volume of the cylinder; the product pg V 1s the mass of 
the fluid displaced, and gWg = ?mrg 1s the weight of fluid which takes up a 
volume equal to the volume of the cylinder. Thus the buoyant force on the 
cylinder 1s equal to the weight of fluid displaced by the cylinder. 

Thịs result 1s valid no matter what the shape of the obJect. Its điscovery 1s 
credited to Archimedes (287?—212 B.C.), and ït is called Arehimedes? principle: 


the buoyant force on an objecf immersed in a fluid is equal to the weight of 
the fluid displaced by that object. 


By “ñuid displaced,” we mean a volume of fluid equal to the submerged 
volume of the object (or that part of the object that is submerged). If the object is 
placed m a glass or tub 1nitially filed to the brim with water, the water that flows 
over the top represents the water displaced by the obJect. 


FIGURE 10-11 
Archimedes' princIple. 


We can derive Archimedes'" principle in general by the following simple but 
elegant argument. The irregularly shaped obJect D shown mm Fig. 10—11a 1s acted 
on by the force of gravity (its weight, zzg, downward) and the buoyant force, E;, 
upward. We wish to determine #s. To do so, we next consider a body (D' in 
Fig. 10—11b), this time made of the fluid itself, with the same shape and size as the 
original objJect, and located at the same depth. You might thínk of this body of 
fluid as being separated from the rest of the fluid by an imaginary membrane. 
The buoyant force #g§ on this body of fluid will be exactly the same as that on the 
Ooriginal obJect since the surrounding fluid, which exerts #5, 1s in exactly the same 
configuration. This body of fuid D” is in equilibrrum (the fluid as a whole 1s at resf). 
Therefore, p = 7g, where 7g 1s the weight of the body of fluid D“. Hence the 
buoyant force Ƒg 1s equal to the weight of the body of fluid whose volume equals 
the volume of the origimnal submerged obJect, which 1s Archimedes' princIple. 

Archimedes' discovery was made by experiment. What we have done 1s show 
that Archimedes' principle can be derived from Newton's laws. 


CONCEPTUAL EXAMIPLE 10-6 | Two pails of water. Consider two iden- 


tical pails of water filled to the brim. One pall contains only water, the other has 
a pIece of wood floating 1n 1t. Which pail has the greater weight? 


RESPONSE Both pails weigh the same. Recall Archimedes' principle: the wood 
displaces a volume of water with weight equal to the weight of the wood. Some 
water wIll overflow the pail, but Archimedes' principle tells us the spilled water 
has weight equal to the weight of the wood; so the pails have the same weipht. 


EXAMPLE 10-7 | Recovering a submerged statue. A 70-kg ancient statue 
lies at the bottom of the sea. Its volume is 3.0 x 10°cm”. How much force is 
needed to lIft it (without acceleration)? 
APPROACH The force # needed to lift the statue is equal to the statue”s 
weight zz minus the buoyant force #;. Figure 10~12 is the free-body diagram.  FIGURE 10-12 Example 10-7. The 
SOLUTION We apply Newtons second law, š# = ma =0, which gives  ÏOrce needed to Hft the statue is E. 
FP+hg— mg =0 Or ñ 


F = mg — Èạ. 
The buoyant force on the statue due to the water ¡s equal to the weight of 
3.0 x 101cm” = 3.0 x 10 ”m ofwater (for seawater, p = 1.025 Xx 10°kg/m): 


F› = muog = PauoVg = (1025 x 10kg/m°)(3.0 x 10?m°)(9.8 m/3?) 
= 3.0 x 1N, 


where we use the chemical symbol for water, HạO, as a subscript. The weight of 
the statue is mg = (70 kg)(9.8 m/s?) = 6.9 x 10?N. Hence the force # needed 
tO lHIẾt 1t is 690N — 300N = 390N. I( 1s as 1ƒ the statue had a mass of only 
(390N)/(9.8 m/s?) = 40 kg. 

NOTE Here # = 390N ïs the force needed to lift the statue without accelera- 
tion when 1t is under water. As the statue comes øu of the water, the force # 
1ncreases, reaching 690 N when the statue 1s fully out of the water. 
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Archimedes 1s said to have discovered his principle in his bath while thinking 
how he might determine whether the king”s new crown was pure gold or a fake. 
Gold has a spectfic gravity of 19.3, somewhat higher than that of most metals, but 
a determination of specIfic gravity or density 1s not readily done directly because, 
even 1f the mass 1s known, the volume of an irregularly shaped object 1s not easily 
calculated. However, If the object is weighed in air (= +) and also “weighed” 
whlle it is under water (= +0), the density can be determined using Archimedes” 
principle, as the following Example shows. The quantity 2ø“ 1s called the apparent 
weighf in water, and 1s what a scale reads when the obJect 1s submerged in water 
(see Eig. 10—13); +“ equals the true weight (œ0 = mg) minus the buoyant force. 


EXAMPLE 10-8 | Archimedes: Is the crown gold? When a crown of mass 
14.7 kg is submerged In water, an accurafe scale reads only 13.4 kg. Is the crown 
made of gold? 


APPROACH TỶ the crown ¡s gold, its density and specific gravity must be very hiph, 
SG = 19.3 (see Section 10-2 and Table 10—1). We determine the specific øravity 
using Archimedes' principle and the two free-body diasgrams shown 1n Eig. 10—13. 
SOLUTION The apparení tueighf oŸ the submerged object (the crown) 1s ?0' 
(what the scale reads), and is the force pulling down on the scale hook. By 
Newton?s third law, +0“ equals the force + that the scale exerts on the crown 1n 
Fig. 10—13b. The sum of the forces on the crown 1s Zero, so ?øˆ equals the actual 
weight +0 (= mg) minus the buoyant force Ƒg: 

0? = F† = t0— Fụ 
SO 

9Ð — 10 = Hạ. 
Let V be the volume of the completely submerged object and po the obJects 
density (so øo W 1s 1ts mass), and let g be the density of the fluid (water). Then 
(ør V})g 1s the weight of fluid displaced (= #b§). Now we can write 


+” = mg = poŸg 
%0 — +0 ` = Fạ = pgV§g. 
We divide these two equations and obtain 
0 — PoŸ§ — Ppo. 
%0 — 10” pr V8 Pr 


We see that 20/(0ø — 20”) is equal to the specific pravity of the object (the crown) 
1ƒ the fluid in which it is submerged is water (p; = 1.00 x 10°kg/mÌ). Thus 


PO _— — 10 — — (14.7 kg)g "_... 1... 
PH;O +90 — 1+0' (14.7 kg — 13.4kg)g 1.3kg bà 
This corresponds to a đensity of 11,300 kg/m”. The crown is not gold, but seems 


to be made of lead (see Table 10-1). 


FIGURE 10-13 (a) A scale reads the mass of an 
obJject in air—n this case the crown of Example 10-8. 
All objects are at rest, so the tension # in the 40 — 
connecting cord equals the weight 0 of the obJect: (14⁄7 kg)g 
tị = mg. We show the free-body diasgram of the 
crown, and #r is what causes the scale reading (ït is 
equal to the net downward force on the scale, by 
Newton? third law). (b) Submerged, the crown has 
an additional force on 1t, the buoyant force #5. The 
net fOrce is Zero, sO #† + #§ = mg (= +0). The scale (Êr=-—m§) 
now reads ”' = 13.4kg, where 7ˆ 1s related to the 
effective weight by :+0' = mg. Thus 

FT = 1U = t0 — Fạ. 


40'= 
(13.4 kg)g 
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Archimedes' prineiple applies equally well to obJects that float, such as wood. In 
general, an object floats on a [luid 1ƒ 1s density (po) 1s less than that öƒ the fluid (py). 
Thịs 1s readily seen from Hg. 10—14a, where a submerged log of mass 7o wIll 
experience a net upward force and float to the surface IŸ gs > 7og; that 1s, I 
pr Vø > poVWg or pg > po. Atequilibrium——that 1s, when floating——the buoyant 
force on an obJect has magnitude equal to the weight of the obJect. For example, 
a log whose specific gravity is 0.60 and whose volume is 2.0 mẺ has a mass 


mọ = po V = (0.60 x 103 kg/m?)(2.0 mỶ) = 1200 kg. 
TỶ the log is fully submerged, it wIll displace a mass of wafer 
mẹ = p¿V = (1000 kg/m)(2.0 mỶ)= 2000 kg. 


Hence the buoyant force on the log will be greater than 1ts weight, and 1t wIll 
float upward to the surface (Fig. 10-14). The log will come to equilibrium 
when it đisplaces 1200 kg of water, which means that 1.2m” of its volume 
will be submerged. This 1.2 mỶ corresponds to 60% of the volume of the log 
(= 1.2/2.0 = 0.60), so 60% of the log is submerged. 
In general when an obJect floats, we have § = 7o ø, which we can wrife as 
(see Fig. 10-15) 
F§ = mog 
Đr Vdisp ` = ÐoŸo&. 
where Vọo 1s the full volume of the object and Wq¡si 1s the volume of fluid it 
displaces (= volume submerged). Thus 
WàispI PO 
Ứo ” r 
That 1s, the fraction of the obJect submerged 1s given by the ratio of the obJect”s 
density to that of the fluid. If the fluid 1s water, this fraction equals the specifc 
øravity ofthe obJect. 


Hydrometer calibration. A hydrometer is a simple instru- 
ment used to measure the spectfic gravity of a liquid by indicating how deeply 
the instrument sinks in the liquid. A particular hydrometer (Fig. 10—16) consists 
of a glass tube, weighted at the bottom, which is 25.0 cm long and 2.00 cm” in 
Cross-sectional area, and has a mass of 45.0 øg. How far from the weighted end 
should the 1.000 mark be placed? 


APPROACH The hydrometer will float in water If its density ø 1s less than 
Pn,o = 1.000 ø/cm”, the density of water. The fraction of the hydrometer sub- 
merged (VAngised/' ;scai) is equal to the density ratio p/ PH,O - 


SOLUTION The hydrometer has an overall density 


¬. 45.0g 
` (200cm?)(25.0em) 
Thus, when placed in water, 1t wiÏl come to equilibrium when 0.900 of 1ts volume 
1s submerged. Since it is of uniform cross section, (0.900)(25.0 em) = 22.5 cm 
Of 1ts length wIll be submerged. The specific gravity of water 1s defined to be 
1.000, so the mark should be placed 22.5 cm from the weighted end. 


NOTE Hydrometers can be used to measure the density of liquids like car 
antifreeze coolant, car battery acid (a measure of 1s charge), wine fermenting 
1n casks, and many others. 


= 0.900g/cm'. 


EXERCISE C_Which of the following objects, submerged in wafter, experiences the largest 
magnitude of the buoyant force? (2) A 1-kg helium balloon; (b) 1 kg of wood; (c) 1 kg 
ofice; (đ) 1 kg of iron; (e) all the same. 


EXERCISED_ Which of the following objects, submerged in wafter, experiences the lareest 
magnitude of the buoyant foree? (z) A 1-m helium balloon; (5) 1 mỶ of wood; (e) 1 m 
of ice; (đ) 1 mỶ of iron; (e) all the same. 


?b = @000 kg)s 
möE1200kg]——- / 
0m == ¡ 


Fg = (1200 kg)g 


(b) 

FIGURE 10-14 (a) The fully 
submerged log accelerates upward 
because #b§ > 7o 6. It comes to 
equilibrium (b) when 5# = 0, so 

Fb = mo g = (1200 kg)g. Then 1200 kg, 
or 1.2 mỂ, of water is displaced. 


FIGURE 10-15 An object floating 
1n equllibrium:  = mog. 


Fb = pEVAispI 8 


—— —P- 
Ỉ 


o8 = PoVo8 


FIGURE 10-16 A hydrometer. 
Example 10-9. 
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đÒpHvysics APPLIED 
Conmtinental drif —plate tectonics 


FIGURE 10-17 Example 10-10. 
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Archimedes' principle 1s also useful in geology. According to the theorles of 
plate tectonics and confinental drift, the continents float on a fluid “sea” of slipghtly 
deformable rock (mantle rock). Some Interesting calculations can be done using 
very simple models, which we consider 1n the Problems at the end of the Chapter. 

Afr 1s a fluid, and 1t too exerfs a buoyant force. Ordinary objects weigh less 
1n ar than they do 1n a vacuum. Because the density O alr 1s so small, the effect for 
ordinary solids 1s slight. There are objects, however, that loa in ar——helium-filled 
balloons, for example, because the density of helium 1s less than the density of air. 


EXAMPLE 10-10 | Helium balloon. What volume V of helium is needed 1f a 
balloon is to lift a load of 180 kg (including the weight of the empty balloon)? 


APPROACH The buoyant force on the helium balloon, #5, which 1s equal to the 
weight of displaced aIr, must be at least equal to the weight of the helium plus 
the weipht of the balloon and load (Eig. 10—17). Table 10—1 gives the density 
of helium as 0.179 kg/mỶ. 


SOLUTION The buoyant force must have a minimum value of 
Fs = (mu + 180kg)g. 

Thịs equation can be written in terms of density using Archimedes' principle: 
Đaïr Vg — (pu. V + 180 kg)g. 

Solving now for V, we find 


180 kg 180 kg ý 
= = E ¬ sẽ =. TÙTH.. 
Đai — PHe — (1⁄29kg/mỶ — 0.179kg/m) 
NOTE This ¡is the minimum volume needed near the Earth”s surface, where 
pạ¡ = 1.29 kg/mỷ. To reach a hiph altitude, a greater volume would be needed 
since the density of alr decreases with altitude. 


CONCEPTUAL EXAMIPLE 10-11 | Throwing a rock overboard. A rowboat 
carrying a large granite rock floats In a small lake. If the rock (SG + 3, Table 10—1) 


1s thrown overboard and sinks, does the lake level drop, rise, or stay the same? 


RESPONSE Together the boat and rock float, so the buoyant force on them 
equals ther total weight. The boat and rock displace a mass of water whose 
weipht 1s equal to the weight of boat plus rock. When the rock 1s thrown Into the 
lake, 1t displaces only 1s own volume, which 1s smaller than the volume of water 
the rock đisplaced when in the boat (+3 as much because the rock's density is 
3 times greater than water). So less lake water 1s displaced and the water level 
of the lake drops when the rock 1s In the lake. 

Maybe numbers can help. Suppose the boat and the rock each has a mass Of 
60 kg. Then the boat carrying the rock displaces 120 kg of water, which 1s a volume 
of 0.12 mỶ (pø = 1000 kg/mỶ for water, Table 10-1). When the rock is thrown 
into the lake, the boat alone now displaces 0.06 mỶ. The rock displaces only 14s 
own volume of 0.02 mỶ (p = m/V 3 so V + 0.06 m3/3). Thus a total of 0.08 m° 
Of water 1s displaced. Less water 1s displaced so the water level of the lake drops. 


EXERCISE E Tf you throw a flat 60-kg aluminum plate into water, the plate sinks. But If 
that aluminum 1s shaped into a rowboat, 1t floats. Explain. 


10-8 Fluids in Motion; Flow Rate 
and the Equation of Continuity 


W© now turn fo the subJect of fluids in motion, which 1s called fluid dynamics, or 
(especially 1f the fluid is water) hydrodynamics. 

We can distinguish two mann types of fluid flow. If the flow 1s smooth, such that 
neighboring layers of the fluid slide by each other smoothly, the flow 1s said to be 
streamline or laminar flow. In streamline flow, each particle of the fluid follows a 
smooth path, called a streamline, and these paths do not cross one another (Fig. 10—18a). 


“The word laminar means “in layers.” 


FIGURE 10-18 (a) Streamline, 
or laminar, flow; (b) turbulent 


flow. The photos show airflow 
=7. around an airfoil or airplane 
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Above a certain speed, the flow becomes turbulent. Turbulent flow 1s characterized 
by erratic, small, whirlpool-like cireles called eddy currenfs or eddres (FEig. 10—18b). 
Eddles absorb a great deal of energy, and although a certamn amount of 1nternal 
friction called viscosify 1s present even during streamline flow, it is much greater 
when the flow 1s turbulent. A few tiny drops of1nk or food coloring dropped Into a 
moving liquid can quickly reveal whether the flow 1s streamline or turbulent. 

Let us consider the steady laminar flow of a fluid through an enclosed tube 
Or pipe as shown 1n Fig. 10-19. First we determine how the speed of the fluid 
changes when the diameter of the tube changes. The mass flow rate 1s defined as the 
mass A7 of fluid that passes a ø1ven point per unit time Aí: 


chú 
Af 
In Fig. 10—19, the volume of fluid passing poïnt 1 (through area 4¡) in a time A7 
Is 4i Af,, where Af; is the distance the fluid moves in time A/. The velocity” of fluid 
(density øp¡) passing point 1 is ø¡ = Af;/Af. Then the mass flow rate Azm/Af 
through area ¡ 1s 

Am = pìAÙi Ä p¡ 4i Ai _. 

Af Af Af k0 BI 
where AW = A¡Af; is the volume of mass Az;. Similarly, at point 2 (throuph 


area 44;), the flow rate 1s 0; 4z;. Since no fluid flows in or out the sides of the 
tube, the flow rates through 44; and 4; must be equal. Thus 


mass flow rate = 


Âm — Am; 
TH 
and 
pì ÂiÐ0i = py¿1¿. (10-4a) 


Thịs 1s called the equatfion of confinuity. 

Tf the fluid ¡s incompressible (ø doesn't change with pressure), which is an 
excellent approximation for liquids under most circumstances (and sometimes 
for gases as well), then ø¡ = ø;, and the equation of continuity becomes 


Ai = 4¿1;. [p = constant] (10-4b) 


The product 440 represents the øolưưne rafe öƒ flo (volume of fluid passing a g1ven 
point per second), since AV/Af = A4 Af/Ai = Au, which in SI units is mỶ/s. 
Equation 10-4b tells us that where the cross-sectional area 1s large, the velocIty 
1s small, and where the area 1s small, the velocity 1s large. That this 1s reasonable 
can be seen by looking at a river. A river flows slowly through a meadow where It 
1S broad, but speeds up to torrenfial speed when passing through a narrOW ØOTEe. 


T]f there were no viscosity, the velocity would be the same across a cross section of the tube. Real 
fluids have viscosity, and this Internal friction causes different layers of the fluid to flow at different 
speeds. In this case ¡ and ø represent the average speeds at each cross section. 


wing (more in Section 10—10). 


—Ali — 
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FIGURE 10-19 Fluid flow through a 
pIDe Of varying diameter. 
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0 = valves 

c = capillaries 
FIGURE 10-20 Human circulatory 
System. 
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FIGURE 10-21 Example 10-13. 
Pomtl 4i Point 2 
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FIGURE 10-19 (Repeated.) 
Fluid flow throuph a pipe of varying 
diameter. 
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EXAMPLE 10-12 | ESTIMATE ' Blood flow. In humans, blood flows from 


the heart into the aorta, from which it passes Into the maJor arteries, Eig. 10-20. 
These branch into the small arteries (arterioles), which in turn branch into myriads 
of tiny capillaries. The blood returns to the heart via the veins. The radius of the 
aorta 1s about 1.2 cm, and the blood passing through 1t has a speed of about 
40 cm/s. A typical capillary has a radius of about 4 < 10cm, and blood flows 
through it at a speed of about 5 x 10”'m/s. Estimate the number of capillaries 
that are in the body. 

APPROACH We assume the density of blood doesn't vary significantly from the 
aorta to the capillaries. By the equation of confinuity, the volume fÏow rate In 
the aorta must equal the volume flow rate through z/ the capillaries. The total 
area of all the capillaries 1s given by the area of a typical capillary multiplied by the 
total number of capillaries. 

SOLUTION Let 4; be the area of the aorta and 4; be the area of ziƒ the capIl- 
laries through which blood flows. Then 4; = Wr¿4p, where r¿ạ„ 4 < 10”cm 
1s the estimated average radius of one capillary. From the equation of confinuIty 
(Eq. 10-4b), we have 


Đy Á¿ = ĐIẢI 
2 — 2 
; Nạn — ĐỊ TTFaorta 


SO 
Thị Ƒ ng 0.40 m/s 12 x 10”m 


N= = 
k) 21) Ệ x mi 4x 10m 


or on the order of 10 billion capillar1es. 


3 
7 10, 


Heating duct to a room. What area must a heating duct 
have ïf air moving 3.0 m/s along it can replenish the air every 15 minutes in a 
room of volume 300 mỶ? Assume the air`s density remains constant. 
APPROACH We apply the equation of continurty at constant density, Eq. 10—4b, 
to the air that flows through the duct (point 1 in Fig. 10-21) and then Into the 
room (point 2). The volume flow rate in the room equals the volume of the 
room divided by the 15-mmn replenishing time. 

SOLUTION. Consider the room as a large section of the duct, Fig. 10-21, and 
thnk of air equal to the volume of the room as passing by point 2 1n 
í = 15min = 900s. Reasoning in the same way we did to obtain Eq. 10-4a 
(changing Aí to f), we write œ; = ,/f so A;u; = A;f;/† = W;/f, where W; 
1s the volume of the room. Then the equation of continutty becomes 
Ai0i= A;u; = ÚW;/£ and 

W 300 m° 

0ịf (3.0 m/s)(900 s) 


NOTE If the duct is square, then cach side has length  = 4⁄4 = 0.33m, or 
33 cm. A rectangular duct 20 em X 55 cm will also do. 


Ai = = 0.11mẺ. 


10-9 Bernoullis Equation 


Have you ever wondered why an airplane can fly, or how a sailboat can move 
against the wind? These are examples of a principle worked out by Daniel 
Bernoulli (1700-1782) concerning fluids in motIon. In essence, Bernoullis principle 
states that +0here the 0elocity oƒa fluid is high, the pressure is lo, and tuhere the 
Ðelocity is lo+, the pressure is hich. For example, 1Ÿ the pressure 1m the fluid 1s 
measured at poinfs 1 and 2 of Fig. 10-19, it will be found that the pressure 1s 
lower at point 2, where the velocity 1s greater, than 1t is at point 1, where the 
velocIty 1s smaller. At first glance, this might seem strange; you might expect that 
the greater speed at point2 would mmply a higher pressure. But this cannot be the case: 


1f the pressure 1n the fluid at point 2 were higher than at point 1, this higher 
pressure would slow the fluid down, whereas In fact 1t has sped up in goIng from 
pomt Í to point 2. Thus the pressure at point 2 must be less than at point 1, to be 
consistent with the fact that the fluid accelerates. 

To help clarify any misconceptions, a faster fluid might indeed exert a greater 
force bouncing off an obstacle placed 1n 1ts path. But that is not what we mean 
by the pressure In a fluid. We are examining smooth streamline flow, with no 
obstacles that interrupt the flow. The fluid pressure 1s exerted on the walls of a 
tube or pIpe, or on the surface of a material the fluid passes OVer. 

Bernoulli developed an equation that expresses this principle quantifatively. 
To derive Bernoulls equation, we assume the flow 1s steady and laminar, the 
fluid 1s incompressible, and the viscosity 1s small enough to be 1gnored. To be 
general, we assume the fluid 1s flowing 1n a tube of nonuniform cross section that 
varies In height above some reference level, Fig. 10-22. We will consider the 
volume of fluid shown 1n color and calculate the work done to move 1t from the 
posIftion shown In Fig. 10-22a to that shown 1n Eig. 10—22b. In this process, fluid 
entering area 4; flows a distance Af; and forces the fluid at area 44; to move a 
distance A/,. The fluid to the left of area 44¡ exerts a pressure ,¡ on our section 
of fiuid and does an amount of work 


M, = H.At, = ĐB.AIA1, 
(since P = Ƒ/4). At point 2, the work done on our section of fluid is 
W, = =b, 4; At, : 


The negafive sign 1s present because the force exertfed on the fluid 1s opposite to 
the displacement. Work 1s also done on the fluid by the force of gravity. The net 
effect of the process shown in Fig. 10-22 is to move a mass of volume 4; Af; 
(= 4; Af,, since the fluid 1s incompressible) from poïnt 1 to poïnt 2, so the work 
done by øravItV 1s 


Mạ = —mg(% — Mì), 
where y¡ and y; are heights of the center of the tube above some (arbitrary) refer- 
ence level. In the case shown 1n Fig. 10—22, this term 1s negafive since the motion 
1s uphill against the force of gravity. The net work W done on the fluid is thus 

W = Mì + M; + M 

W Đ.AILAf — PA;Al; — mẹgy; + mgy,. 


According to the work-energy principle (Section 6—3), the net work done on a 
system 1s equal to 1s change 1n kinetic energy. Hence 
2m0) — smU{ = P,.AIAl, — P,A;At, — my; + mgy. 


The mass  has volume 44¡ At, = 4; AU, for an incompressible fluid. Thus we can 
substitute  = pA¡Al; = p4; Af,, and then divide throuph by A¡ A?; = A; A1, 
to obtain 


303 — 3pU = P,— P;— pgy + pgời, 


which we rearrange to øef 
P, + jpu) + pgy = Pị + 5pUÏ + p§yi: (0-5) 
Thịs 1s Bernoulli?s equation. Since points 1 and 2 can be any two points along a 
tube of flow, Bernoullrs equation can be written as 
P + jpt? + pgy = constant 


at every point In the fluid, where y 1s the heipht of the center of the tube above a 
fixed reference level. [Note that if there is no flow (ø = ò; = 0), then Eq. 10-5 
reduces to the hydrostatic equation, Eq. 10-3b orc: , —  = p#(y› — ywị)-] 


FIGURE 10-22 Fluid flow: for 


derivation of Bernoulli's equation. 


Bernoullis equation 
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FIGURE 10-23 Torricellis theorem: 
ơị = V'2g(w — vì). 


2716 CHAPTER10 Fluids 


Bernoullï's equation 1s an expression of the law of energy conservafion, since 
we đerived 1t from the work-energy principle. 


EXERCISEF As water in a level pipe passes from a narrow cross secfion of pipe to a wider 
cross section, how does the pressure against the walls change? 


Flow and pressure in a hot-water heating system. 
'Water circulates throughout a house 1n a hot-water heating system. If the water 
1s pumped at a speed of 0.50 m/s through a 4.0-cm-diameter pipe in the base- 
ment under a pressure of 3.0 atm, what wIll be the flow speed and pressure 1n a 
2.6-cm-diameter pIpe on the second floor 5.0m above? Assume the pipes do not 
divide into branches. 

APPROACH We use the equation of continuity at constant density to defermine 
the flow speed on the second floor, and then Bernoullis equation to find the 
DT€SSUTe. 

SOLUTION We take ò; in the equation of continuity, Eq. 10—4, as the flow speed 
on the second floor, and ?;¡ as the flow speed In the basement. Noting that the 
areas are proportional to the radii squared (4 = zr?), we obtain 


To find the pressure on the second fÏloor, we use Bernoullis equation (Eq. 10-5): 
Đ = P.+ pg(y — w) + 2p(ĐÌ — 02) 
= (3.0 x 107N/m?) + (1.0 x 10 kg/m?)(9.8 m/s?)(—5.0m) 
+j(1.0 x 10°kg/m3)[(0.50 m/s)” — (1.2m/s}] 
= (3.0 x 107N/m?) — (4.9 x 10N/m?) — (6.0 x 10N/m?) 
2.5 x 10°N/m” = 2.5atm. 


NOTE The velocity term contributes very little in this case. 


10-10 Applications of Bernoullis Principle: 
Torricelli, Airplanes, Baseballs, Blood Flow 


Bernoullï's equation can be applied to many situations. One example 1s to calculate 
the velocity, œ¡, of a liquid flowing out of a spIgot at the bottom 0Ÿ a TeS€TVOIT, 
Hig. 10-23. We choose point 2 in Eq. 10—5 to be the top surface of the liquid. 
Assuming the diameter of the reservoIr 1s largee compared to that of the spigot, 
œ; WIll be almost zero. Points 1 (the spigot) and 2 (top surface) are open to the 
atmosphere, so the pressure at both poinfs 1s equal to atmospherIC pressure: 
P, = P;. Then Bernoullis equation becomes 


30U{ + pgW = p8 
I9) 


øị = V'2g(yw — yì). (10~6) 


Thịs result is called Torricellis theorem. Althouph 1† 1s seen to be a special case of 
Bernoullïs equation, 1t was discovered a century earlier by Evangelista Torricelli. 
Equation 10-6 tells us that the liquid leaves the spigot with the same speed that 
a freely falling obJect would attam 1f falling from the same heipht. This should 
not be too surprising since the derivation of Bernoullfs equation relies on the 
COnservation oŸ energy. 


Another special case of Bernoullis equation arises when a fluid 1s flowing 
hor1zontally with no appreciable change In heipht; that1s, y¡ = y;. Then Eq. 10—5 
becomes 

P.+jpu = P,+ p0, (0-7) 
which tells us quantitatively that the speed 1s hich where the pressure 1s low, and 
vice versa. It explains many common phenomena, some of which are 1llustrated 
in Figs. 10-24 to 10-30. The pressure In the air blown at high speed across the 
top of the vertical tube of a perfume atomizer (Fig. 10—24a) 1s less than the normal 
Air pressure acting on the surface of the liquid in the bowl. Thus atmospheric 
pressure In the bowl pushes the perfume up the tube because of the lower pres- 
sure at the top. A Ping-Pong ball can be made to float above a blowing Jet of aIr 
(a haïr dryer or a vacuum cleaner that can also blow aïr), Eig. 10-24b; 1f the ball 
begins to leave the Jet of air, the higher pressure In the stil air outside the Jet 
pushes the ball back In. 


EXERCISEG Return to Chapter-Opening Ouesfion 2, page 260, and answer it aøain now. 
Try to explain why you may have answered differently the first time. Try 1t and see. 


Airplane Wings and Dynamic LiÍt 

Airplanes experience a “lift” force on their wings, keeping them up 1n the air, 1Ÿ 
they are moving at a sufficiently high speed relative to the air and the wing 1s 
tilted upward at a small angle (the “attack angle”). See Eig. 10-25, where stream- 
lines oŸ air are shown rushing by the wing (we are in the reference frame of the 
wing, as If sitting on the wing). The upward tilt, as well as the rounded upper 
surface of the wing, causes the streamlines to be forced upward and to be crowded 
together above the wing. The area of air flowing between any two streamlines 1s 
smaller as the streamlines get closer together, so from the equafion of contin- 
ulfy (Am — AzÐ›), the air speed Increases above the wing where the streamlines 
are squished together. (Recall also how the crowded streamlines in a pipe 
constriction, Eig. 10-19, Iindicate the velocity 1s hipher ¡in the constriction.) 
Thus the alr speed 1s greater above the wing than below 1t, so the pressure above 
the wing ïs less than the pressure below the wing (Bernoullfs principle). Hence 
there 1s a net upward force on the wing called dynamic lift. Experiments show 
that the speed of air above the wing can even be double the speed of the atr 
below it. (Eriction between the air and wing exerts a drag ƒorce, toward the rear, 
which must be overcome by the plane”s engines.) 

A fẩlat wing, or one with symmetric cross section, will experience lift as long as 
the front of the wing 1s tilted upward (attack angle). The wing shown in Hig. 10-25 
can experience lift even 1f the attack angle 1s zero, because the rounded upper 
surface deflects air up, squeezing the streamlines together. Airplanes can fÏly upside 
down, experiencing lift, 1f the attack angle 1s sufficient to deflect streamlines up 
and closer together. 

Our picture considers streamlines; but 1Ÿ the attack angle 1s larger than about 
15, turbulence sets in (Fig. 10—18b) leading to greater drag and less lift, causing 
the plane to “stall” and then to drop. 

From another point of view, the upward tilt of a wing means the alr moving 
horizontally in front of the wing 1s deflected downward; the change in momentum 
of the rebounding air molecules results in an upward force on the wing (Newton”s 
third law). 


Sailboats 


A sailboat can move “against” the wind, with the aid of the Bernoulli effect, by 
setting the sails at an angle, as shown In Eig. 10-26. The air traveling rapidly over 
the bulging front surface of the mainsail exerts a smaller pressure than the relatively 
still air behind the sail. The result is a net force on the sail, Ể„„ạ, as shown in 
Fig. 10-26b. This force would tend to make the boat move sideways 1 1t werent 
for the keel that extends vertically downward beneath the water: the water exertfs 
a Ïorce (F yaer) on the keel nearly perpendicular to the keel. The resultant of 
these two forces (Eạ) is almost directly forward as shown. 


LowP 
(high flow) @ High P 


(b) 


FIGURE 10-24 Examples of 
Bernoullis principle: (a) atom1zer, 
(b) Ping-Pong ball ïn jet of aïr. 


FIGURE 10-25 Lift on an airplane 
wing. We are In the reference frame 
of the wing, seeing the aïr flow by. 
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FIGURE 10-26 Sailboat (a) sailing 
against the wind with (b) analysis. 


(b) 
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Home plate 


FIGURE 10-27 Looking down on a 
pItched baseball heading toward 
home plate. We are in the reference 


frame of the baseball, with the air 
flowing by. 


FIGURE 10-28 Rear of the head and 
shoulders showing arteries leading to 
the brain and to the arms. High blood 
velocity past the constriction In the 
left subclavian artery causes low 
pressure In the left vertebral artery, 
in which a reverse (downward) blood 
flow can then occur, resulting In a 
TA, a loss of blood to the brain. 


Basilar 
artery 
(to brain) 


Left Right 
vertebral vertebral 
Tt€TY arteTy 
Subclavian Subeclavian 
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FIGURE 10-30 Bernoulli's principle 


explains aïr flow in underground 
burrows. 
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Baseball Curve 


Why a spinning pitched baseball (or tennis ball) curves can also be explained 
using Bernoullis principle. It 1s simplest 1Ý we put ourselves in the reference 
frame of the ball, with the air rushing by, Just as we did for the airplane wing. 
Suppose the ball 1s rotating counterclockwise as seen from above, FEig. 10-27. 
A thin layer of air (“boundary layer”) is being dragsed around by the ball. We are 
looking down on the ball, and at point A in Hig. 10-27, this boundary layer tends 
to slow down the oncoming air. At point B, the arr rotating with the ball adds 
1{s speed to that of the oncoming air, so the air speed 1s higher at B than at A. 
The higher speed at B means the pressure 1s lower at B than at A, resulting In a 
net force toward B. The ball's path curves toward the left (as seen by the pitcher). 


Lack of Blood to the Brain—TIA 


In medicine, one of many applications of Bernoulli's principle 1s to explain a TIA, 
a transienf ischemic affack (meaning a temporary lack of blood supply to the brain). 
A person suffering a TLA may experlence symptoms such as dizziness, double 
vision, headache, and weakness of the limbs. A TA can occur as follows. Blood 
normally flows up to the brain at the back of the head via the two vertebral 
arferies—one going up each side of the neck——which meet to form the basilar 
arfery Just below the brain, as shown 1n Eig. 10-28. Each vertebral artery connecfs 
to the subclavian artery, as shown, before the blood passes to the arms. When 
an arm 1s exercised vigorously, blood flow Increases to meet the needs of the 
arm's muscles. If the subclavian artery on one side of the body 1s partially blocked, 
however, as In arteriosclerosis (hardening of the arteries), the blood velocity 
wIll have to be higher on that side to supply the needed blood. (Recall the equa- 
tion of continuity: smaller area means larger velocity for the same flow rate, 
Eqs. 10-4.) The Iincreased blood velocity past the opening to the vertebral artery 
results in lower pressure (Bernoullis principle). Thus, blood rising In the verte- 
bral artery on the “good” side at normal pressure can be đ/uerfed don 1nto the 
other vertebral artery because of the low pressure on that side, Instead of passing 
upward to the brain. Hence the blood supply to the brain 1s reduced. 


Other Applications 


A venturi tube is essentially a pipe with a narrow constriction (the throat). The 
flowing fluid speeds up as 1t passes through this constriction, so the pressure 1s 
lower In the throat. A venturi meter, Fig. 10—29, is used to measure the flow speed 
Of gases and liquids, including blood velocity 1n arteries. The velocity œị can be 
determined by measuring the pressure ¡ and #;, the areas 4; and 4;, as welÏ as 
the density of the fluid. (The formula 1s given in Problem 56.) 


P?ì 


FIGURE 10-29 Venturi meter. 


Why does smoke øo up a chimney? It's partly because hot alr rises (IES lesS 
dense and therefore buoyant). But Bernoullis principle also plays a role. When wind 
blows across the top of a chimney, the pressure 1s less there than inside the house. 
Hence, air and smoke are pushed up the chimney by the higher Indoor pressure. 
Even on an apparently still nght there 1s usually enough ambient air flow at the 
top of a chimney tfo asslst upward flow of smoke. 

TỶ gophers, prairie doøgs, rabbits, and other animals that live underground are 
to avoid suffocation, the air must circulate In their burrows. The burrows aÏways 
have at least two entrances (Fig. 10-30). The speed of air flow across different 
holes will usually be sliphtly different. This results in a slipght pressure difference, 
which forces a flow of air through the burrow via Bernoullis principle. The flow 
OÝ air 1s enhanced If one hole ¡s hipher than the other (animals often build mounds) 
since wind speed tends to Increase with height. 


Bernoullis equation Ipgnores the effects of friction (viscosity) and the com- 
pressIbility of the fluid. The energy that is transformed to internal (or potential) 
energy due to compression and to thermal energy by fricton can be taken Into 
account by adding terms to Eq. 10-5. These terms are diffñicult to calculate 
theoretically and are normally determined empirically for given situatlons. They 
do not sigmificantly alter the explanations for the phenomena described above. 


#10—]] Viscosity 


Real fluids have a certain amount of internal friction called viscosify, as men- 
tioned in Section 10—8. Viscosity exists in both liquids and gases, and 1s essentially 
a fricional force between adjacent layers of fluid as the layers move past one 


another. In liquids, viscosity 1s due to the electrical cohesive forces between the 


Su. Xã An Movi lac VY =———— 
molecules. In gases, 1t arises from collisions between the molecules. 


The viscosity of different fluids can be expressed quantitatively by acoøeff- Flud =P ` ..1: 
=— 


cient ðoƒ 0iscosify, rị (the Greek lowercase letter eta), which ¡s defined ¡n the Snn TH _ =5 
following way. A thĩn layer of fluid 1s placed between two flat plates. One plate 

1S s(ationary and the other is made to move, Fig. 10-31. The fluid directlyin FIGURE 10-31 Determination of 
contact with each plate ¡s held to the surface by the adhesive force between the viscosity. 

molecules of the liquid and those of the plate. Thus the upper surface of the 
fluid moves with the same speed ò as the upper plate, whereas the fluid in contact 
with the stationary plate remains statlonary. The stationary layer of fluid retards 
the flow of the layer Just above 1t, which 1n turn retards the flow of the next layer, 
and so on. Thus the velocity varies continuously from 0 to œ, as shown. The 


TABLE 10-3 
Coefficients of Viscosity 


1ncrease 1n velocity divided by the distance over which this change 1s made——equal Fluid Coefficient 
to 0/f—ïis called the 0elocity gradienr. To move the upper plate requires a force, (femperature of 'Viscosify, 
which you can verify by moving a flat plate across a puddle of syrup on a table. TU) 7005 79) 

For a given fluid, it 1s found that the force requrred, #; 1s proportional to the  Water (0°) 18 ⁄ 1ữ” 
area oÝ fluid im contact with each plate, 4, and to the speed, ø, and 1s Inversely (20°) 1.0 x 103 
proportional to the separation, ƒ, of the plates:  œ« ø4/#. For different fluids, (100°) 03x 103 
the more viscous the fluid, the greater ¡s the required force. The proportionalltY whole blood (37) 4x 103 


constant for this equation 1s defined as the coefficienf Of VISCOSItY, TỊ: Blood plasma (37°) ~1.5 x 103 


Ethyl aleohol(20°) 1⁄2 10 


LD 
t= TẢ 0-8) Engine oïl (30°) 
(SAE 10) 200 x 10 
Solving for mạ, we find nạ = F#/0A. The SI unit for +ạỌ is N-s/m” = Pa-s Glycerine (20°) 1500 x 103 
(pascal - second). In the cgs system, the unit ¡is dyne -s/cm”, which is calleda Air (20°) 0.018 x 103 


poise (P). Viscosities are often given in centipoïse ụ cP =3 P= 10 ”Eass), Hydrogen (0°) 0.009 x 103 
Table 10-3 IistS the coefficient Of VISCOSIfy ÍOT VaTiOuS fluids. The temperafure Water vapor (100°) 0.013 x 1073 
1s also specifed, since it has a strong effect; the viscosity of liquids such asmotof _ —————————————————— 
oil, for example, decreases rapidly as temperature increases." 1Pa-s = 10 poise (P) —= 1000 cP. 


*10_—12 Flow in Tubes: Poiseuille“s 
Equation, Blood FÌow 


TỶ a fluid had no viscosity, 1t could flow through a level tube or pipe without a 
force being applied. Viscosity acts like a sort oŸ friction (between fluid layers 
moving at slightly different speeds), so a pressure difference between the ends of 
a level tube 1s necessary for the steady flow of any real fluid, be 1t water or oil 1n a 
pIpe, or blood in the circulatory system of a human. 


*The Society of Automotive Engineers assigns numbers to represent the viscosity of oils: 30-weight 
(SAE 30) is more viscous than 10-weight. Multigrade oils, such as 20—50. are designed to maintain 
VISCOSity as femperature Increases; 20—50 means the oil acts like 20-weight when cool and 1s like 
50-weipht when it ¡is hot (engine running temperature). In other words, the viscosity does not 
drop precIpitously as the oil warms up, as a simple 20-weight oil would. 
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The French scientist J. L. Poiseuille (1799—1869), who was interested in the 


Như physics of blood circulation (and after whom the “poise” 1s named), determined how 
the variables affect the flow rate of an incompressible fluid undergoing laminar 
flow In a cylindrical tube. His result, known as Poiseuille?s equafion, 1s: 

mR1{h - P. 
"...... (0-9) 
R S„í 
(a)- where # Is the Inside radius of the tube, £1s the tube length, ¡ — 1s the pressure 


difference between the ends, r 1s the coefficient oŸ viscosity, and Ở 1s the volume 
rate of flow (volume of fluid flowing past a gIven point per unit time which In SĨ 
has units of mỶ/s). Equation 10~9 applies only to laminar (streamline) flow. 
Poiseuille's equation tells us that the flow rate Ó 1s directly proportional to 
the “pressure gradient,” (P¡ — P)/#, and it is inversely proportional to the viscos- 
1ty Of the fluid. This 1s Just what we might expect. It may be surprising, however, 
that @ also depends on the ƒourfh power of the tube”s radius. This means that for 
the same pressure gradient, 1f the tube radius 1s halved, the flow rate 1s decreased 
by a factor of 16! Thus the rate of flow, or alternately the pressure required to 
mainfain a g1ven flow rafe, 1s øreatly affected by only a small change In tube radIus. 
hútian atiery thất GGJ 1v healNhg: An Interesting example of thís R dependence is blood ƒÏfouw mm the human 
(b) is partly blocked as a result of body. Poiseuille*s equation 1s valid only for the streamline flow oŸ an IncompTres- 
arterioselerosis. sible fluid. So 1t cannot be precisely accurate for blood whose fÏow 1s not withouft 
turbulence and that contains blood cells (whose diameter 1s almost equal to that 
@® PHYSICS APPLIEDp Ofa capillary). Nonetheless, Poiseuilles equation does give a reasonable firsf 
c Nediei—  8pproximation. Because the radius oÝ arferies is reduced as a result of arterioscle- 
blood floio and rosis (thickening and hardening of artery walls, Eig. 10-32) and by cholesterol 
ñiearí diseasẽ buildup, the pressure gradient must be increased to maintain the same flow rate. 
TỶ the radius 1s reduced by hal£, the heart would have to Increase the pressure 
by a factor of about 2 = 16 in order to maintain the same blood-flow rate. 
The heart must work much harder under these conditions, but usually cannot 
maintain the original flow rate. Thus, high blood pressure 1s an Indication both 
that the heart 1s working harder and that the blood-flow rate 1s reduced. 


Artery wall 
thickening 


Blockage 


sô ˆ Z4 228A. 


FIGURE 10-32 A cross section of a 


FIGURE 10-33 Spherical water 
droplets, dew on a blade of ørass. 


“10-15 Surface Tension and Capillarity 


The surƒface of a liquid at rest behaves In an interesting way, almosf as 1Ÿ It were 
a stretched membrane under tension. For example, a drop of water on the end 
of a dripping faucet, or hanging from a thin branch in the early morning dew 
(Fig. 10-33), forms into a nearly spherical shape as 1Ý it were a tiny balloon filled 
with water. A steel needle can be made to float on the surface of water even though 
1t 1s denser than the water. The surface of a liquid acts like 1t is under tension, 
and this tension, acting along the surface, arises from the attractive forces between 
the molecules. This effect 1s called surface tension. More specifically, a quantity 
called the surƒwce fension, Y (the Greek letter gamma), 1s defined as the force # 
per unit length É that acts perpendicular to any line or cut in a liquid surface, 
tending fo pull the surface closed: 


FIGURE 10-34 U-shaped wire 
apparatus holding a film of liquid to 
measure surface tension (Y = Ƒ/20). 


HH, (10-10) 


To understand this, consider the U-shaped apparatus shown In Eig. 10-34 which 
encloses a thin film of liquid (such as a liquid soap film). Because oÝ surface tension, 
a force #1s required to pull the movable wire and thus increase the surface area of 
the liquid. The liquid contained by the wire apparatus 1s a thin film having both a 


(a) Top view top and a bottom surface. Hence the total length of the surface being Increased ïs 2/, 

y and the surface tension is  = #/2f. A delicate apparatus of this type can be used 

F to measure the surface tension of various liquids. The surface tension of Wafer 1s 

Liquid ĩ Wire 0.072 N/m at 20°C. Table 10-4 (next page) gives the values for several substances. 
(b) Edge view (magnifed) Note that temperature has a considerable effect on the surface tension. 
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(a) (b) 
FIGURE 10-35 (a) Water strider. (b) Paper clip (Iight coming through window blinds). 


Because of surface tension, some insects (Fig. 10—35a) can walk on water, and 
objects more dense than water, such as a paper clip (Fig. 10-35b), can float on the 
surface. Figure 10~36a shows how the surface tension can support the weight +0 of an 
object. Actually, the obJect sinks slightly Into the fluid, so 2ø 1s the “effective weight” 
of that obJect—Its true weight less the buoyant force. 


Insect walks on water. The base of an insecfs 
leg is approximately spherical in shape, with a radius of about 2.0 x 10 'm. 
The 0.0030-g mass of the 1nsect 1s supported equally by 1ts six legs. Estimate the 
angle Ø (see Fig. 10-36) for an insect on the surface of water. Assume the wafer 
temperature 1s 20°C. 


APPROACH Since the insect is in equilibrium, the upward surface tension force 
1s equal to the pull of gravity downward on each leg. We 1gnore buoyant forces 
for this estimate. 


SOLUTION For each leg, we assume the surface tension force acts all around a 
circle of radius r, at an angle 0, as shown mm Eig. 10—36a. Only the vertical compo- 
nent, 7 cos 0, acfs to balance the weight zmg. We set the length £¡n Eq. 10-10 
equal to the circumference of the circle, £ ~ 2zrr. Then the net upward force 
due to surface tension is Ƒ % ( cos 0) # ~ 2zrY cos 0. We set this surface tension 
force equal to one-sixth the weight of the Insect since 1t has six legs: 


1 
6116 


s(3.0 x 10ˆ°kg)(9.8 m/57) 
0.54. 


So Ø + 57”. Ifcos Ø had come out greater than 1, the surface tension would not 
have been great enouph to support the Insect”s weight. 


27rYcos0 
(6.28)(2.0 x 10 7m)(0.072N/m) cosØ + 


cosØ 


NOTE Our estimate ignored the buoyant force and Ignored any difference 
between the radius of the Insecfs “foot” and the radius of the surface depression. 


Soaps and detergents lower the surface tension of water. Thĩs 1s desirable for 
washing and cleaning since the high surface tension oŸ pure water prevenfs 1t 
from penetrating easily between the fibers of material and mfto tiny crevices. 
Substances that reduce the surface tension of a liquid are called surƒacfanrs. 


* Capillarity 

Surface tension plays a role in another Interesting phenomenon, capillarify. Ít 1s a 
common observation that water In a glass container rises up sliphtly where 1t 
touches the glass, Eig. 10—37a. The water 1s said to “wet” the glass. Mercury, on 
the other hand, is depressed when it touches the glass, EFig. 10—37b; the mercury 
does not wet the glass. Whether a liquid wetfs a solid surface 1s determined by the 
relative strength of the cohesive forces between the molecules of the liquid 
compared to the adhesive forces between the molecules of the liquid and those 
Of the container. Cohesion refers to the force between molecules of the same type, 
whereas adhesion refers to the force between molecules of different types. Water 
wefs ølass because the water molecules are more strongly attracted to the glass 
molecules than they are to other water molecules. The opposife 1s true for 
mercury: the cohesive forces are stronger than the adhesive forces. 


TABLE 10-4 Surface Tension 
of Some Substances 


Surface 

Tension 

Substance (Ñ/m) 

Mercury (20°C) 0.44 

Blood, whole (37°C) 0.058 
Blood, plasma (37°C) 0.073 
Alcohol, ethyl (20°C) 0.023 
Water (0°C) 0.076 
(20°C) 0.072 
(100°€) 0.059 
Benzene (20°C) 0.029 
Soap solution (20°C) 0.025 
Oxygen (—193°C) 0.016 


(b) 

FIGURE 10-36 Surface tension 
acting on (a) a sphere, and (b) an 
1nsect leg. Example 10-15. 
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FIGURE 10-37 (a) Water “wets” the 
surface of glass, whereas (b) mercury 
does not “wet” the glass. 


LỊU 
Ihở 
Water Mercury 
_————. 
(a) (@œ) 
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(a) (b) 
Glass tube Glass tube 
1n water 1n mercury 


FIGURE 10-38 Capillarity. 


FIGURE 10-39 One kind of pump 
(reciprocating type): the Intake 
valve opens and aïr (or fluid that ïs 
being pumped) fills the empty space 
when the piston moves to the left. 
'When the piston moves to the right 
(not shown), the outlet valve opens 
and fluid is forced out. 


€@ÒPHvsics APPLIED 


Hearf as a pump 


In tubes having very small diameters, liquids are observed to rise or fall rela- 
tive to the level of the surrounding liquid. Thĩs phenomenon 1s called capillarify, and 
such thin tubes are called capillaries. Whether the liquid rises or falls (Eig. 10—38) 
depends on the relative strengths of the adhesive and cohesive forces. Thus water 
rises In a ølass tube, whereas mercury falls. The actual amount of rise (or fall) 
depends on the surface tension—which 1s what keeps the lquid surface from 
breaking apart. 


“10-14 Pumps, and the Heart 


We conclude this Chapter with a brief discussion of pumps, including the heart. 
Pumps can be classified into categories according to ther function. Á acwun punp 
1s desipned to reduce the pressure (usually of air) in a gIven vessel. A ƒorce pưnp, 
on the other hand, 1s a pump that 1s Intended to increase the pressure——ÍOrT 
example, to lift a lquid (such as water from a well) or to push a fluid through a 
pIpe. Figure 10—39 1llustrates the principle behind a simple reciprocating pump. 
lIt could be a vacuum pump, 1n which case the Intake 1s connected to the vessel 
to be evacuated. A similar mechanism 1s used in some force pumps, and In this 
case the fluid 1s forced under increased pressure throuph the outlet. 

Another type of pump 1s the centrifugal pump, shown 1n Eig. 10-40. It, or any 
force pump, can be used as a circulafing pumnp——that 15, to circulate a fluid around a 
closed path, such as the cooling water or lubricating oïÏ in an automobile. 


FIGURE 10-40 Centrifugal pump: + Outlet 


the rotating blades force fluid 
throuph the outlet pipe; this kind of 
pump is used in vacuum cleaners 
and as a water pump in automobiles. Š/SXv /Rotor 


The heart of a human (and of other animals as well) is essentially a circulating 
pump. The action of a human heart 1s shown In Eig. 10-41. There are actually 
two separate paths for blood flow. The longer path takes blood to the parts of 
the body, via the arteries, bringing oxygen to body tissues and picking up carbon 
dioxide, which 1t carries back to the heart via veins. This blood 1s then pumped 
to the lungs (the second path), where the carbon dioxide is released and oxygen 
1s taken up. The oxygen-laden blood 1s returned to the heart, where 1f 1s again 
pumped to the fissues of the body. 


Right atrrum Left atrium 


(from the body) (from the lungs) 
FIGURE 10-41 Pumping human heart. (a) In 
the diastole phase, the heart relaxes between 
beats. Blood moves Into the heart; both atria 
fiII rapidly. (b) When the atria contract, the Mitral 
systole or pumping phase begins. The Tricuspid valve Risht 
contraction pushes the blood through the valve Sẹ nIẾT „ iel 
mitral and trieuspid valves Into the ventricles. (a) (b) k2. 
(c) The contraction of the ventricles forces 
the blood through the semilunar valves into " 
the pulmonary artery, which leads to the tarhdl Right 


lungs, and to the aorta (the body”s largest 
artery), which leads to the arteries serving all 
the body. (d) When the heart relaxes, the 
semilunar valves close; blood fills the atria, 


beginning the cycle again. 
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Left 
atriun 


ì 


MÌ) Aorta t 
\ ì =2 (to the TC 
2) body) 


Semilunar 


valve Mitral 


Semilunar valve 


valve - ' 
Tricuspid 


(c) valve (d) 


Blood pressure 1s measured using one of the types of gauge menfioned earlier 
(Section 10—6), and ït is usually calibrated in mm-Hg. The gauge 1s attached to 
a closed, air-filled cuff that 1s wrapped around the upper arm at the level of the 
heart, Fig. 10-42. Two values of blood pressure are measured: the maximum pres- 
sure when the heart 1s pumping, called sysíoljc pressure; and the pressure when the 
heart 1s In the resting part of the cycle, called đ/asfolic pressure. Initially, the air 
pressure 1n the cufŸ 1s increased high above the systolic pressure by a pump, 
compressing the main (brachial) artery in the arm and briefly cutting off the flow 
of blood. The air pressure 1s then reduced slowly until blood again begins to flow 
1nto the arm; 1t can be detected by listening with a stethoscope to the characterIstic 
tapping soundÏ of the blood returning to the forearm. At this poïint, systolic pressure 
1S Just equal to the air pressure 1n the arm cuff which can be read off the gauge. 
The arr pressure 1s subsequently reduced further, and the tapping sound disappears 
when blood at low pressure can enter the artery. At this point, the øgauge 1ndicates 
the diastolic pressure. Normal systolic pressure 1s around 120 mm-Hg, whereas 
normal diastolic pressure 1s around 70 or 80 mm-Hg. Blood pressure 1s reported 
in the form 120/70. 


?When the blood starts flowing through the constriction caused by the tight cuff, its velocity is hipgh 
and the flow 1s turbulent. It is the turbulence that causes the tapping sound. 


€@ÒpHvysics APPLIED 
Blood pressure 


FIGURE 10-42 Device for 
measuring blood pressure. 


Summary 


The three common phases of matter are solid, liquid, and gas. 
Liquids and gases are collectively called fluids, meaning they 
have the ability to flow. The density of a material is defined as 
1{s mass per unit volume: 


(10-1) 


Speciffic gravity (SG) is the ratio of the density of the material to 
the density of water (at 4°C). 
Pressure is defined as force per unIf area: 


(10-2) 


The pressure ? at a depth J In a liquid of constant density p, due 
to the weipht of the liquid, 1s given by 

P = pạh, 
where ø Is the acceleratlon due to øTavIty. 

Pascals principle says that an external pressure applied to 
a confined fluid is transmitted throughout the fluid. 

Pressure is measured using a manometer or other type of 
gauge. A baromefer is used to measure atmospheric pressure. 
Standard afmospheric pressure (average a( sea level) is 
1.013 x 107N/mZ. Gauge pressure is the total (absolute) pres- 
Sure minus atmospherIc pressure. 

Archimedes° principle states that an object submerged 
wholly or partially In a fluid is buoyed up by a force equal to 
the weight of fuid it displaces (b = mpg = ØrVAispI8)- 


(10-3a) 


Fluid flow can be characterized either as síreamline 
(also called laminar), in which the layers of fluid move 
smoothly and regularly along paths called síreamilines, or as 
turbulent, in which case the flow 1s not smooth and regular but 
1s characterized by irregularly shaped whirlpools. 

Eluid flow rate 1s the mass or volume of fluid that passes a 
øIven point per unit time. The equation of confinuify states 
that for an incompressible fluid flowing in an enclosed tube, 
the product of the velocity of flow and the cross-sectional area 
of the tube remains constant: 


Áo = consfant. (10-4) 


Bernoullis principle tells us that where the velocity of a 
fiuid 1s hiph, the pressure ïn it is low, and where the velocIty 1s 
low, the pressure 1s hiph. For steady laminar flow of an Incom- 
pressible and nonviscous fluid, Bernoullis equation, which 1s 
based on the law of conservation of enerøy, 1s 


P; + p0 + pgy› = Pị + 2pUT + p§y, 


(10-5) 


for two points along the flow. 

[*Viscosity refers to friction within a fluid and 1s essentially 
a frictional force between adjacent layers of fluid as they move 
past one another.] 

[fLiquid surfaces hold together as If under tension 
(surface fension), allowing drops to form and objects like needles 
and insects to stay on the surface.] 


 Questions 


1. Ifone material has a higher density than another, must the 
molecules of the first be heavier than those of the second? 
Explain. 

2. Consider what happens when you push both a pin and the 
blunt end of a pen against your skin with the same force. 
Decide what determines whether your skin 1s cut—the net 
force applied to 1t or the pressure. 


3. A small amount of water 1s boiled in a 1-gallon metal can. 
The can 1s removed from the heat and the lid put on. As 
the can cools, it collapses and looks crushed. Explain. 

4. An Ice cube floats In a glass of water filled to the brim. 
'What can you say about the density of1ce? As the ice melts, 
wIll the water overflow? Explain. 

5. WIII an ice cube float in a glass of alcohol? Why or why not? 
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^ 


.- A submerged can of Coke” will sink, but a can of Diet 
Coke” will float. (Try it!) Explain. 


7. Why don't ships made of iron sink? 


§. A barge filled high with sand approaches a low bridge over 


10. 


11. 


13. 


14. 


15. 
16. 


the river and cannot quite pass under it. Should sand be 
added to, or removed from, the barge? [Himr: Consider 
Archimedes' principle. ] 
. Explain why helium weather balloons, which are used to 
measure atmospheric conditions at high altitudes, are nor- 
mally released while filled to only 10-20% of their maximum 
volume. 
WIII an empty balloon have precisely the same apparent 
weipht on a scale as a balloon filled with air? Explain. 


'Why do you float higher in salt water than In fresh water? 


. Why does the stream of water from a faucet become 
narrower as 1t falls (Fig. 10-43)? 


FIGURE 10-43 Ouestion 12. 
'Water coming from a faucet. 


Children are told to avoid standing too close to a rapidly 
moving train because they might get sucked under it. ls 
this possible? Explain. 


A tall Styrofoam cup 1s filled with water. Iwo holes are 
punched ¡n the cup near the bottom, and water begins 
rushing out. If the cup 1s dropped so it falls freely, will the 
water continue to flow from the holes? Explain. 


'Why do airplanes normally take off into the wind? 


Two ships moving ín parallel paths close to one another 
risk colliding. Why? 


MisConceptual Questions 


17. 


18. 


19 


h 


20 


. 


+21. 


Tf you dangle two pleces of paper vertically, a few Inches 
apart (Fig. 10-44), and blow 
between them, how do you 
think the papers wIll move? 
Try it and see. Explain. 


FIGURE 10-44 
Question 17. 


Why does the canvas top of a convertible bulge out when 
the car is traveling at hiph speed? [Hmz: The windshield 
deflects air upward, pushing streamlines closer together.] 


Roofs of houses are sometimes “blown” off (or are they 
pushed off?) during a tornado or hurricane. Explain using 
Bernoullis principle. 


Explain how the tube In Hg. 10-45, known as a siphon, can 
transfer liquid from one container to a lower one even 
thouph the liquid must flow uphill for part oŸ its Journey. 
(Note that the tube must be filled with liquid to start with.) 


———> 


FIGURE 10-45 
Question 20. 
A siphon. 


When blood pressure is measured, why must the arm cuff 
be held at the level of the heart? 


1 


-_ You hold a piece of wood In one hand and a piece of Iron In 
the other. Both pieces have the same volume, and you hold 
them fully under water at the same depth. At the moment 
you let go of them, which one experiences the øreater buoy- 
ancy force? 

(a) The piece of wood. 

(b) The piece of 1ron. 

(c) They experience the same buoyancy force. 
(đ) More information ¡is needed. 

. Three confainers are filled with water to the same height 
and have the same surface area at the base, but the total 
weipht of water 1s different for each (Fig. 10-46). In which 
container does the water exert the greatest force on the 
bottom of the container? 

(4) Container A. 
(b) Container B. 
(c) Container C. 


(đ) AlI three are equal. 
=—M —  Nn—- 
FA , 
FIGURE 10-46 A 


MisConceptual Question 2. 
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3. 


Beaker A 1s filled to the brim with water. Beaker B Is the 
same size and contains a small block of wood which floats 
when the beaker ¡is filled with water to the brim. Which 
beaker weiphs more? 

(a) Beaker A. 

(b) Beaker B. 

(c) The same for both. 


'Why does an ocean liner float? 

(a) It 1s made of steel, which floats. 

() Its very big size changes the way water SuppOorfs It. 

(c) It1s held up in the water by large Styrofoam 
compartments. 

(đ) The average density of the ocean liner ¡s less than that 
Of seawater. 

(c) Remember the 77anic—ocean liners do not float. 


A rowboat floats in a swimming pool, and the level of the 
water at the edge of the pool 1s marked. Consider the fol- 
lowing situations. (ï) The boat is removed from the water. 
(1) The boat in the water holds an iron anchor which 1s 
removed from the boat and placed on the shore. For each 
situation, the level of the water will 

(4) rise. (ð) fall. (c) stay the same. 


6. You put two Ice cubes In a glass and fill the glass to the rIm 


with water. As the ice melts, the water level 

(a) drops below the rim. 

(B) rises and water spills out of the ølass. 

(c) remains the same. 

(đ) drops at first, then rises until a little water spills out. 


7. Hot arr is less dense than cold air. Could a hot-air balloon 


be flown on the Moon, where there 1s no atmosphere? 

(2) No, there ¡s no cold air to displace, so no buoyancy 
force would exist. 

(b) Yes, warm air always rises, especially in a weak 
gravitational field Iike that of the Moon. 

(c) Yes, but the balloon would have to be filled with 
helium Instead of hot air. 


8. An object that can float in both water and in oil (whose den- 
sity 1s less than that of water) experiences a buoyant force 


that 1s 
(2) greater when it is floating in oïl than when floating In 
Waf€T. 


(b) greater when it is floating in water than when floating 


1n OIl. 
(c) the same when ït is floating in water or ïn oïl. 


9. As water flows from a low elevation to a hipher elevation 


throuph a pIpe that changes in diameter, 

(2z) the water pressure will increase. 

(b) the water pressure will decrease. 

(c) the water pressure will stay the same. 

(đ) Need more information to determine how the water 
pressure changes. 


10. 


11. 


12. 


'Water flows In a hor1zontal pipe that 1s narrow but then widens 
and the speed of the water becomes less. The pressure In 
the water moving in the pIpe 1s 

(24) greater in the wide part. 

(b) greater in the narrow part. 

(c) the same in both parts. 

(4) greater where the speed 1s hipher. 

(e) greater where the speed 1s lower. 


When a baseball curves to the right (a curveball), alr is 

flowing 

(4) faster over the left side than over the right side. 

(b) faster over the right side than over the left side. 

(c) faster over the top than underneath. 

(đ) at the same speed all around the baseball, but the ball 
Curves as a result of the way the wind 1s blowing on the 
field. 


How ïs the smoke drawn up a chimney affected when a wind 
1s blowing outside? 

(2) Smoke rises more rapidly in the chimney. 

(b) Smoke rises more slowly in the chimney. 

(c) Smoke 1s forced back down the chimney. 

(4) Smoke ïs unaffected. 


For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


j Problems 


10-2 Density and Specific Gravity 


{. (1) The approximate volume of the granite monolith known 
as EI Capitan in Yosemite National Park (Fig. 10-47) is about 


10Ÿ m. What is its approximate mass? 


FIGURE 10-47 Problem 1. 


2. (D What is the approximate mass of air in a living room 


5.6m Xx 3.6m Xx 2.4m? 


3. (1) If you tried to smupgle gold bricks by filling your back- 
pack, whose dimensions are 54 em X 31 em x 22 cm, what 


Would its mass be? 


4. 


(D State your mass and then estimate your volume. [Hmr: 
Because you can swim on or Just under the surface of the 
water In a swimming pool, you have a pretty øgood idea of 
your density.] 


„ (1A bottle has a mass of 35.00 g when empty and 98.44 g 


when filled with water. When filled with another filuid, the 
mass 1s 89.22 ø. What 1s the specific gravity of this other fluid?2 


- (T) I 4.0L of antifreeze solution (specific gravity = 0.80) 


1s added to 5.0 L of water to make a 9.0-L mixture, what 1s 
the specific gravity of the mixture? 


. (HI) The Earth is not a uniform sphere, but has regions of 


varying density. Consider a simple model of the Earth 
divided Into three replons——inner core, oufer core, and man- 
tle. Each region 1s taken to have a unique constant density 
(the average density of that region in the real Earth): 


Region Radius (km) Density (kg/m°) 
Inner Core 0-1220 13,000 
Outer Core 1220-3460 11,100 
Mantle 3480-6380 4400 


(z) Use this model to predict the average density of the 
entire Earth. (b) If the radius of the Earth ¡s 6380 km 
and its mass is 5.98 < 10”Í kg, determine the actual average 
density of the Earth and compare it (as a percent difference) 
with the one you determined In (2). 
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10-3 to 10-6 Pressure; Pascal“s Principle 


8. (1 Estimate the pressure needed to raise a column of water 
to the same height as a 46-m-tall pine tree. 

9. (I) Estimate the pressure exerted on a floor by (2) one pointed 
heel of area = 0.45 cm”, and (b) one wide heel of area 
16 cm', Fig. 10-48. The person wearing the shoes has a mass 
Of 56 kg. 


FIGURE 10-48 Problem 9. 


10. (I) What ¡1s the difference ¡in blood pressure (mm-Hg) 
between the top of the head and bottom of the feet of a 
1.75-m-tall person standing vertically? 

T1. (1) (z) Calculate the total force of the atmosphere acting on 
the top of a table that measures 1.7m 2.6 m. (5) What Is 
the total force acting upward on the underside of the table? 

12. (II How high would the level be in an alcohol barometer 
at normal atmospheric pressure? 

13. (II) In a movie, Tarzan evades his captors by hiding under 
water [or many minutes while breathing throuph a long, 
thin reed. Assuming the maximum pressure difference his 
lungs can manage and still breathe is —85 mm-Hg, calculate 
the deepest he could have been. 

14. (II) The maximum øgauge pressure in a hydraulic lift is 
17.0 atm. What is the largest-size vehicle (kg) 1t can lift 1f 
the diameter of the output line 1s 25.5 cm? 

15. (II) The gauge pressure In each of the four tires of an auto- 

mobile is 240 kPa. If each tire has a “footprint” of 190 em 

(area touching the ground), estimate the mass of the car. 


. 


16 


(H) (z) Determine the total force and the absolute pressure 
on the bottom of a swimming pool 28.0 m by 8.5m whose 
uniform depth 1s 1.8m. (5) What will be the pressure 
against the se of the pool near the bottom? 

17. (IH) A house at the bottom of a hill ¡s fed by a full tank of 
water 6.0m deep and connected to the house by a pipe 
that 1s 75m long at an angle of 61° from the horizontal 
(Fig. 10-49). (z) Determine the wafer øauge pressure at 
the house. (5) How hiph could the water shoot 1Ý it came 
vertically out of a broken pIpe In front of the house? 


+ ï 
6.0m 


75m 


61 |1 


FIGURE 10-49 Problem 17. 
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18. (I1) Water and then oil (which don”t mix) are poured into a 
U-shaped tube, open at both ends. They come to equilib- 
rium as shown in Fig. 10—50. What 1s the density of the oil? 
[Himr: Pressures at points a and b are equal. Why?] 


FIGURE 10-50 
Problem 18. 


19. (II How hiph would the atmosphere extend 1Ý it were of 
uniform density throuphout, equal to half the present 
density at sea level? 

20. (II) Determine the minimum øauge pressure needed in the 
water pIpe leading into a building 1ƒ wafer 1s to come out Of 
a faucet on the fourteenth floor, 44m above that pipe. 

2í. (II A hydraulic press for compacting powdered samples 
has a large cylinder which is 10.0cm in diameter, and a 
small cylinder with a diameter of 2.0cm (Fig. 10-51). 
A lever Is attached to the small cylinder as shown. The 
sample, which is placed on the large cylinder, has an area 
of 4.0 em”. What is the pressure on the sample if 320N is 
applied to the lever? 


320N 


Sample 


Small cylinder 
2.0cm 


Hydraulic 
ñuid 


FIGURE 10-51 Problem 21. 


22. (II) An open-tube mercury manometer is used to measure 
the pressure In an oxygen tank. When the atmospheric 
pressure 1s 1040 mbar, what is the absolute pressure (in Pa) 
1n the tank 1ƒ the height of the mercury In the open tube 1s 
(a) 18.5 em higher, (5) 5.6 em lower, than the mercury in 
the tube connected to the tank? See Eig. 10—7a. 


10-7 Buoyancy and Archimedes” Principle 


23. (11) What fraction of a piece of iron will be submereed when 
1t floats in mercury? 

24. (II) A geologist fnds that a Moon rock whose mass is 9.28 kg 
has an apparent mass of 6.18 kg when submerged in water. 
'What is the density of the rock? 

25. (II A crane lifts the 18,000-kg steel hull of a sunken ship 
out of the water. Determine (2z) the tension in the crane”s 
cable when the hull is fully submerged In the water, and 
(B) the tension when the hull is completely out of the water. 

26. (II) A spherical balloon has a radius of 7.15 m and ¡s filled 
with helium. How large a cargo can 1t lift, assuming that the 
skm and structure of the balloon have a mass of 930 kg? 
Neglect the buoyant force on the cargo volume 1fself. 

27. (11) What is the likely identity of a metal (see Table 10-1) 
1ƒ a sample has a mass of 63.5 g when measured ïn aIr and 
an apparent mass of 55.4 ø when submerged In water? 


28. (I1) Calculate the true mass (In vacuum) of a piece of alu- 
minum whose apparent mass ¡1s 4.0000 kg when weiphed 
1n AI. 

29. (II) Because gasoline is less dense than water, drums con- 
taining gasoline wIll float in water. Suppose a 210-L steel 
drum 1s completely full of gasoline. What total volume of 
steel can be used in making the drum If the gasoline-filled 
drum 1s to float in fresh water? 
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(I) A scuba diver and her gear displace a volume of 69.6 L 
and have a total mass of 72.8 kg. (a) What is the buoyant 
force on the diver in seawater? (b) WIII the diver sink or float2 


3Í. (II) The specific gravity of ice is 0.917, whereas that of 
seawater 1s 1.025. What percent of an Iceberg 1s above the 


surface of the water? 


` 


32. (II) Archimedes' principle can be used to determine 
the speciflic gravity of a solid using a known liquid 
(Example 10-8). The reverse can be done as well. () As 
an example, a 3.80-kg aluminum ball has an apparent mass 
of 2.10 kg when submerged ïn a particular liquid: calculate 
the density of the liquid. (5) Determine a formula for finding 


the density of a liquid using this procedure. 
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(H) A 32-kg child decides to make a raft( out of empty 
1.0-L soda bottles and duct tape. Neglecting the mass of the 
duct tape and plastic in the bottles, what minimum number 
of soda bottles will the child need to be able stay dry on 
the raft? 


34. (II) An undersea research chamber is spherical with an 
external diameter of 5.20 m. The mass of the chamber, when 
occupied, 1s 74.400 kg. lí is anchored to the sea bottom by a 
cable. What 1s (2) the buoyant force on the chamber, and 


(B) the tension in the cable? 


35. (II) A 0.48-kg piece of wood floats in water but ¡is found 
to sink in alcohol (SG = 0.79), in which it has an appar- 
ent mass of 0.047 kg. What 1s the SG of the wood? 


36 


(H) A two-component model used to determine percent body 
fat in a human body assumes that a fraction ƒ (< 1) of the 
body?s total mass # 1s composed of fat with a density of 
0.90 g/cmỶ, and that the remaining mass of the body is 
composed of fat-free tissue with a density of 1.10 g/cmỷ. 
If the specific gravity of the entire body”s densIty 1s X, 
show that the percent body fat (= ƒ % 100) is given by 


495 
% Body fat = xT 450. 


37. (I) On dry land, an athlete weighs 70.2 kg. The same 
athlete, when submerged In a swimming pool and hanging 
Írom a scale, has an “apparent weight” of 3.4kg. sing 
Example 10-8 as a guide, (z) find the total volume W of the 
submerged athlete. (b) Assume that when submerged, the 
athlete's body contains a residual volume W„ = 1.3 x 10m 
of air (mainly ¡in the lungs). Taking V — Vặ to be the 
actual volume of the athlete”s body, find the body?s specIfic 
gravity, SG. (c) What is the athletes percent body fat 
assuming it is given by the formula (495/SG) — 4503 
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(II) How many helium-filled balloons would 1t take to lift 
a person? Assume the person has a mass of 72kg and 
that each helium-filed balloon 1s spherical with a diameter 
of 33 cm. 


39. (HT) A scuba tank, when fully submerged, displaces 15.7 L 
Of seawater. The tank Itself has a mass of 14.0 kg and, 
when “full?” contains 3.00 kg of air. Assuming only 1s weight 
and the buoyant force act on the tank, determine the net 
force (magnitude and direction) on the fully submerged tank 
at the beginning of a dive (when ït is full of air) and at the end 
of a dive (when it no longer contains any aïr). 

40. (HI) A 3.65-kg block of wood (SG = 0.50) floats on water. 
What minimum mass of lead, hung from the wood by a 
string, wïll cause the block to sink? 


10-8 to 10-10 Fluid Flow, Bernoull's Equation 


4i. (I) A 12-cm-radius aïr duct is used to replenish the air of a 
room 8.2m x 5.0m X 3.5m every 12 min. How fast does 
the air flow in the duct? 


42. (1) Calculate the average speed of blood flow in the major 
arteries of the body, which have a total cross-sectional area 
of about 2.0 cmỸ. Use the data of Example 10-12. 

43. ( How fast does water flow from a hole at the bottom of 
a very wide, 4.7-m-deep storage tank filled with water? 
Ignore vIscOSIty. 

44. (U Show that Bernoullis equation reduces to the hydro- 
Static variation of pressure with depth (Eq. 10-3b) when 
there 1s no flow (ị =1¿= 0). 

45. (II What ¡is the volume rate of flow of water from a 
1.85-em-diameter faucet 1ƒ the pressure head ¡s 12.0 m? 

46. (II) A fish tank has dimensions 36 em wide by 1.0m long 
by 0.60 m hiph. Tf the filter should process all the water In 
the tank once every 3.0h, what should the flow speed be 
1n the 3.0-cm-diameter input tube for the filter? 


47. (II) What gauge pressure in the water pIpes Is necessary If 
a fire hose 1s to spray water to a height of 16 m? 


48. (II A §-in. (inside) điameter garden hose is used to fill a 
round swimming pool 6.1 min diameter. How long wIll 1t 
take to filI the pool to a depth of 1.4 m 1ƒ water flows from 
the hose at a speed of 0.40 m/s? 

49. (II A 180-km/h wind blowing over the flat roof of a 
house causes the roof to lift off the house. If the house 1s 
6.2m x 12.4m In size, estimate the weipht of the roof 
Assume the roof 1s not nailed down. 


50. (II A 6.0-cm-diameter horizontal pipe gradually narrows 
to 4.5 cm. When water flows throuph this pipe at a certain 
rate, the øauge pressure In these two sections 1s 33.5 kPa 
and 22.6 kPa, respectively. What is the volume rate of flow? 

5í. (II) Estimate the air pressure inside a category 5 hurricane, 
where the wind speed ¡s 300 km/h (Eig. 10-52). 


2. 5T = 
““ “ .~ 


FIGURE 10-52 Problem 51. 
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52. (II) What is the lift (in newtons) due to Bernoullis princi- 


ple on a wing of area 88 mỸ if the air passes over the top 
and bottom surfaces at speeds of 280 m/s and 150 m/s, 
respectively? 


53. (II) Water at a gauge pressure of 3.8 atm at street level flows 


16 


Into an office building at a speed of 
0.78 m/s through a pipe 5.0 cm in diame- 
ter. The pipe tapers down to 2.8cm in 
diameter by the top floor, 16m above 
(Eig. 10-53), where the faucet has been 
left open. Calculate the flow velocity and 
the gauge pressure In the pipe on the top 
floor. Assume no branch pIpes and Ignore 
VISCOSIẨY. 


FIGURE 10-53 
Problem 53. 


54. (II) Show that the power needed to drive a fluid through 


». 


56. 


¬ÿj 


° 


a pIpe with uniform cross-section 1s equal to the volume 
rate offlow, Ó, times the pressure difference, , — Đ;. Ignore 
VISCOSItY. 
(MT) In Eig. 10-54, take into account the speed of the top 
surface of the tank and show that the speed of fluid leaving 
an opening near the bottom Is 
2gh 
ĐI — , 
 - Ai/4)) 
where h = y› — y¡, and 4; and 44; are the areas of the 
opening and of the fOp SUT- ¿————————————————; 
face, respectively. Assume | 
Ái << 4; so that the flow 
remains nearly steady and 
laminar. 


FIGURE 10-54 
Problem 55. 


(HI) (2) Show that the flow speed measured by a venturi 
meter (see Fig. 10-29) is given by the relation 


2(P, — P;) 
: . 
ø(A1 — 43) 


Ị — 


(5) A venturi meter 1s measuring the flow of water; it has a 
main diameter of 3.5 cm tapering down to a throat diam- 
eter of 1.0 cm. If the pressure difference is measured to be 
18mm-Hg, what is the speed of the water entering the 
venturi throat? 

(M) A fire hose exerts a force on the person holding It. 
Thịs 1s because the water accelerates as 1t goes from the 
hose through the nozzle. How much force Is required to 
hold a 7.0-cm-diameter hose delivering 420 L/min through 
a 0.75-cm-diameter nozzle? 
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*10-11 Viscosity 


*S58. 


(H) A viscometer consists of two concentric cylinders, 
10.20 em and 10.60 cm in diameter. A liquid fills the space 
between them to a depth of 12.0 cm. The outer cylinder 1s 
ñixed, and a torque of 0.024 m- Ñ keeps the Inner cylinder 
turning at a steady rotational speed of 57 rev/min. What is 
the viscosity of the liquid? 


*10-12 Flow in Tubes; Poiseuilles Equation 


*s9, 


*60 


#61 


*62 


b 


*63. 


*66. 


(D Engine oïl (assume SA 10, Table 10-3) passes through 
a fine 1.80-mm-diameter tube that 1s 10.2 cm long. What 
pressure difference 1s needed to maintain a flow rate of 
6.2mL/min? 
() A gardener feels it is taking too long to water a garden 
with a š-in.-diameter hose. By what factor will the time be 
cut using a š-in.-diameter hose instead? Assume nothing 
else is changed. 
(II) What diameter must a 15.5-m-long air duct have If the 
ventilation and heating system 1s to replenish the aïr in a 
room 8.0m X 14.0m Xx 4.0m every 15.0 min? Assume the 
pump can exert a gauge pressure of 0.710 < 10 3 atm. 
(IH) What must be the pressure difference between the two 
ends of a 1.6-km section of pipe, 29 cm in diameter, IÝ i{ 1s 
to transport oïl (o = 950 kg/mỶ, rị = 0.20 Pa - s) at a rate 
of 650 cm/s? 
(IH) Poiseuille's equation does not hold if the flow velocity 
1s hiph enouph that turbulence sets in. The onset of turbu- 
lence occurs when the Reynolds number, ®e, exceeds 
approxImately 2000. #e is defined as 

Re = 20rp . 

TỊ 


where ? is the average speed of the fluid, ø 1s 1ts densIty, r 1s 
1S Viscosity, and 7 1s the radius of the tube in which the fluid 
1s flowing. (2) Determine ïf blood flow throuph the aorta is 
laminar or turbulent when the average speed of blood In the 
aorta (r = 0.80 em) during the resting part of the hearfs cycle 
1s about 35 cm/s. (b) During exercise, the blood-flow speed 
approximately doubles. Calculate the Reynolds number in 
this case, and determine If the flow 1s laminar or turbulent. 


(II) Assuming a constant pressure gradient, 1ƒ blood flow 
1s reduced by 65%, by what factor 1s the radius of a blood 
vessel decreased? 


. (H) Calculate the pressure drop per cm along the aorta 


using the data of Example 10—12 and Table 10-3. 

(HH) A patient is to be given a blood transfusion. The blood 
1s to flow throuph a tube from a raised bottle to a needle 
inserted in the vein (Eig. 10-55). The Inside 
diameter of the 25-mm-long needle 1s 
0.60 mm, and the required flow rate 1s 
2.0 cmỶ of blood per minute. How high j 
should the bottle be placed above the 
needle? Obtain ø and + from the 
Tables. Assume the blood 
pressure is 768 torr above 
atmospheric pressure. 


FIGURE 10-55 
Problems 66 and 74. 


*10-13 Surface Tension and Capillarity 


*ẾT, 


*68. 


*69. 


(ID Tf the force # needed to move the wire in Fig. 10-34 ¡s 
3.4 x 1073N, calculate the surface tension 7 of the enclosed 
fluid. Assume £ = 0.0Ø70m. 


(D Calculate the force needed to move the wire in Fig. 10-34 
1ƒ it holds a soapy solution (Table 10-4) and the wire 1s 
21.5 cm long. 


(II) The surface tension of a liquid can be determined by 
measuring the force # needed to Just hit a circular plat- 
Inum ring of radius r from the surface of the liquid. 
(a) Find a formula for 7 in terms of # and r. (b) At 30°C, 
if F = 6.20 x 103N and r = 2.9em, calculate Y for the 
tested liquid. 


#70. (II) If the base of an Insects leg has a radius of about 


3.0 x 10m and the insect's mass is 0.016 g, would you 
expect the six-lepøed insect to remain on top of the water? 
'Why or why not? 


#71. (IIL) Estimate the diameter of a steel needle that can just 


barely remain on top of water due to surface fension. 


*10-14 Pumps; the Heart 
#72, (II) A physician judges the health of a heart by measuring the 


pressure with which it pumps blood. If the physiclan mis- 
takenly attaches the pressurized cuff around a standing 
patlenfs calf (about 1 m below the heart) instead of the arm 
(Eig. 10-42), what error (in Pa) would be introduced in the 
heart?s blood pressure measurement? 


| General Problems 


Tôi 


74. 


kÉ 


76. 


T1: 


78. 


79. 


A 3.2-N force 1s applied to the plunger of a hypodermic 
needle. If the diameter of the plunger 1s 1.3 cm and that of 
the needle is 0.20 mm, (2) with what force does the fluid 
leave the needle? (5) What force on the plunger would be 
needed to push fluid into a vein where the øauge pressure 
1s 75mm-Hg? Answer for the Instant Just before the fluid 
SfarfS tO mOve. 


Intravenous transfusions are often made under øravIty, as 
shown In Eig. 10-55. Assuming the fluid has a density of 
1.00 g/cm, at what height # should the bottle be placed so 
the liquid pressure 1s (z) 52 mm-Hg, and (b) 680 mm-H;O? 
(c) If the blood pressure is 75 mm-Hg above atmospheric 
pressure, how hiph should the bottle be placed so that the 
fiuid just barely enters the vein? 


A beaker of water rests on an electronic balance that reads 
975.0g. A 2.6-cem-diameter solid copper ball attached to a 
string 1s submerged in the water, but does not touch the 
bottom. What are the tension In the string and the new 
balance reading? 


Estimate the difference In air pressure between the top 
and the bottom of the Empire State Building in New York 
City. It 1s 380 m tall and 1s located at sea level. Express as a 
fraction of atmospheric pressure at sea level. 


A hydraulic hft is used to Jack a 960-kg car 42 cm off the 
floor. The diameter of the output piston 1s 18 cm, and the 
input force is 380N. (2) What is the area of the input 
pIston? (b) What is the work done ïn lifting the car 42 cm? 
(c) If the input piston moves 13 em ¡n each stroke, how 
hiph does the car move up for each stroke? (3) How many 
strokes are required to jack the car up 42cm? (e) Show 
that energy 1s conserved. 


'When you ascend or descend a great deal when driving In 
a car, your ears “pop,” which means that the pressure 
behind the eardrum 1s being equalized to that outside. If 
this địd not happen, what would be the approximate force 
on an eardrum of area 0.20 cm” if a change in alttude of 
1250 m takes place? 


Giraffes are a wonder of cardiovascular engineering. Cal- 
culate the difference in pressure (in atmospheres) that the 
blood vessels In a giraffe”s head must accommodate as the 
head Is lowered from a full upripht position to øround level 
for a drink. The height of an average giraffe 1s about 6 m. 


80. How high should the pressure head be 1Ý water 1s to come 


81. 


82. 


83 


84. 


85 


S6. 


87. 


from a faucet at a speed of 9.2 m/s? Ignore viscoSity. 


Suppose a person can reduce the pressure in his lungs to 
—75 mm-Hg gauge pressure. How high can water then be 
“sucked” up a straw? 


A bicycle pump 1s used to Imnflate a tire. The initial tire 
(gauge) pressure ¡is 210 kPa (30psi). At the end of the 
pumping process, the final pressure is 310 KkPa (45 psi). If 
the diameter of the plunger in the cylinder of the pump 1s 
2.5cm, what 1s the range of the force that needs to be 
applied to the pump handle from beginning to end? 


Estimate the pressure on the mountains underneath the 
Antarctic Ice sheet, which 1s typIcally 2 km thick. 


A simple model (Fig. 10-56) considers a continent as a 
block (density ~ 2800 kg/mỶ) floating in the mantle rock 
around it (density ~ 3300 kg/mỶ). Assuming the continent 
1s 35 km thick (the average thickness of the Earth”s conti- 
nental crusf), estimate the heipht of the continent above 
the surrounding mantle rock. 


ỊP 
Continent 
———|(density = 2800 kg/m3) 


mỹ 
Mantle rock (density ~ 3300 kg/m) 


FIGURE 10-56 Problem 8§4. 


A ship, carrying fresh water to a desert island in the Carib- 
bean, has a horizontal cross-sectional area of 2240 mˆ at 
the waterline. When unloaded, the ship rises 8.25 m higher 
1n the sea. How much water (m) was delivered? 


A raft is made of 12 logs lashed together. Each is 45 cm In 
diameter and has a length of 6.5m. How many people can 
the raft hold before they start getting their feet wet, assuming 
the average person has a mass of 68 kg? Do øø¿ neglect the 
weipht of the loøs. Assume the specific øravity of wood 1s 
0.60. 


Estimate the total mass of the Earth's atmosphere, using 
the known value of atmospheric pressure at sea level. 
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General Problems 


. 


88. During each heartbeat, approximately 70 cmŠ of blood is 


pushed from the heart at an average pressure of 105 mm-Hg. 
Calculate the power oufput of the heart, in watfs, assuming 
70 beats per minute. 


. Four lawn sprinkler heads are fed by a 1.9-cm-diameter 
pIpe. The water comes out of the heads at an angle of 35° 
above the horizontal and covers a radius of 6.0 m. (2) What is 
the velocity of the water coming out of each sprinkler head? 
(Assume zero air resistance.) (b) If the output diameter of 
each head 1s 3.0 mm, how many liters of water do the four 
heads deliver per second? (c) How fast is the water flowing 
1nside the 1.9-cm-diameter pipe? 


. One arm of a U-shaped tube (open at both ends) contains 
water, and the other aleohol. If the two fluids meet at 
exactly the bottom of the U, and the alcohol 1s at a height 
of 16.0 em, at what heipht will the water be? 


. The contraction of the left ventricle (chamber) of the heart 
pumps blood to the body. Assuming that the Inner surface 
of the left ventriele has an area of 82cm” and the maxi- 
mum pressure in the blood is 120 mm-Hg, estimate the 
force exerted by that ventricle at maximum pressure. 


. An airplane has a mass of 1.7 < 10kg, and the air flows 
past the lower surface of the wings at 95 m/s. If the wings 
have a surface area of 1200 m”, how fast must the air flow 
over the upper surface of the wing I1f the plane 1s to stay 
1n the alr? 


A drinking fountain shoots water about 12 em up In the alr 
from a nozzle of diameter 0.60 cm (Fig. 10-57). The pump 
at the base of the unit (1.1m below the nozzle) pushes 
water into a 1.2-cm-diameter supply pipe that goes up to 
the nozzle. What gauge pressure does the pump have to 
provide? Ignore the viscosity; your answer wIll therefore 
be an underestimate. 


Nozzle 
T 


12cm 


1.Im 


FIGURE 10-57 
Problem 93. 


94. A hurricane-forcee wind of 180km/h blows across the 


face of a storefront window. Estimate the force on the 
2.0m x 3.0m window due to the difference In aIr pres- 
sure Inside and outside the window. Assume the stOre 1s 
airtight so the inside pressure remains at 1.0 atm. (This is 
why you should not tightly seal a building in preparation 
for a hurricane.) 
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95, Blood 1s placed in a bottle 1.40m above a 3.8-cm-long 


needle, of inside diameter 0.40 mm, from which 1t flows at a 
rate of 4.1 em”/min. What is the viscosity of this blood? 


96. You are watering your lawn with a hose when you put your 


finger over the hose opening to Increase the distance the 
water reaches. If you are holding the hose hor1zontally, 
and the distance the water reaches Increases by a factor 
of 4, what fraction of the hose opening did you block? 


. A copper (Cu) weight is placed on top o£a 0.40-kg block of 


wood (density = 0.60 < 10 kg/m?) floating in water, as 
shown In Fig. 10-58. What is the mass of the copper 1 the 
top of the wood block is exactly at the water”s surface? 


FIGURE 10-58 Problem 97. 


98. You need to siphon water from a clogged sink. The sink has 


an area of 0.38 mŸ and is filled to a height of 4.0 em. Your 
siphon tube rises 45 cm above the bottom of the sink and 
then descends 8Š cm to a pail as shown in Eig. 10—59. The 
siphon tube has a diameter of 2.3 em. (#) Assuming that 
the water level in the sink has almost zero velocify, use 
Bernoulli's equation to estimate the water velocity when 1t 
enters the pail. (b) Estimate how long it will take to empty 
the sink. Ignore viscOSIty. 


45 cm 


4.0 cm ĐỒNH 


FIGURE 10-59 
Problem 98. 


#99, Tf cholesterol buildup reduces the diameter of an artery 


by 25%, by what % will the blood flow rate be reduced, 
assuming the same pressure difference? 


[ Search and Learn 


Í. A 5.0-kg block and 4.0 kg of water in a 0.50-kg container 
are placed symmetrically on a board that can balance at 
the center (Fig. 10-60). A solid aluminum cube of sides 
10.0 cm 1s lowered In(o the water. How much of the alu- 
minum must be under water to make this system balance? 
How would your answer change for a lead cube of the 
same size? Explain. (See Sections 10—7 and 9~1.) 


10.0 em 


5.0 kg mm 4.5 kg 


FIGURE 10-60 Search and Learn 1. 


2. (z) Show that the buoyant force 7b on a partially submerged 
object such as a ship acts at the center of gravity of the fluid 
before 1t is displaced, FEig. 10-61. This poiïnt 1s called the 
cenfer of buoyancy. (5) To ensure that a ship is in stable 
equilibrium, would it be better 1Ÿ its center of buoyancy was 
above, below, or at the same point as 1s center of gravity? 
Explain. (See Section 10—7 and Chapter 9.) 


FIGURE 10-61 
Search and Learn 2. 


3. In working out his principle, Pascal showed dramatically 
how force can be multiplied with fluid pressure. He placed 
a long, thin tube of radius z = 030cm vertically into a 
wine barrel of radius ® = 21 cm, Eig. 10-62. He found 
that when the barrel was filled 
with water and the tube filled to a 
height of 12m, the barrel burst. 
Calculate (z) the mass of wafer in 
the tube, and (0) the net force 
exerted by the water In the barrel 
on the lid Just before rupture. 


ƒ nh) cm 


FIGURE 10-62 Search and 
Learn 3 (not to scale). 


ANSWERS TO EXERCISES 


A: (3). 
B: The same. Pressure depends on depth, not on length. 
€C: (4). 
D: (e). 


4. 


6. 


vn 


am 


(a) When submerged In water, two objects with different 
volumes have the same øpparení weight. When taken out of 
water, compare their weights In air. (5) Which object has 
the øreater density? 


A tub of water resfs on a scale as shown In Eig. 10—63. The 
weipht of the tub plus water 1s 100N. A 50-N concrete brick 
1s then lowered down from a fixed arm into the water but 
does not touch the tub. What does the scale read now? [Himr: 
Draw two free-body diagrams, one for the brick and a second 
one for the tub + water + brick.] 


FIGURE 10-63 Search and Learn 5. 


What approximations are made in the derivation of 
Bernoullis equation? Qualitatively, how do you think 
Bernoullis equaton would change If each of these 
approximations was not made? (See Sections 10-8, 10-9, 
10-11, and 10-12.) 


Estimate the density of the water 5.4km deep in the sea. 
(See Table 9—1 and Section 9—5 regarding bulk modulus.) 
By what fraction does it differ from the density at the 
surface? 


The rowboat 1s shaped to have a lot of empty, air-filled 
Space, so 1s “average” density 1s much lower than that of 
water (unless the boat becomes full of water, in which case 1t 
sinks). Steel ships float for the same reason. 

Increases. 


: (b). 
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An object attached to a coIl spring can exhibit oscillatory motilon. Many kinds of oscillatory 
mofion are sinusoidal in time, or nearly so, and are referred to as simple harmonic moftion. Real 
systems generally have at least some friction, causing the motion to be damped. The automobile 


spring shown here has a 
shock absorber (yellow) that 
purposefully dampens the 
oscillation to make for a 
smooth ride. When an 
external sinusoidal force 1s 
exerted on a system able to 
Oscillate, resonance occurs If 
the driving force 1s at or near 
the natural frequency of 
oscillation. 

'Vibrations can g1ve rIse to 
Waves—such as water waves 
or waves traveling along a 
cord——which travel outward 
from theïr source. 
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Oscillations and Waves 


CHAPTER-OPENING QUESTIONS——Guess now! 


1. A simple pendulum consists of a mass 7: (the “bob”) hanging 
on the end ofa thin string of length £ and negligible mass. The bob 
1s pulled sideways so the string makes a 5.0” angle to the vertical; 
when released, it oscillates back and forth at a frequency ƒ. I , 
the pendulum 1s sfarted at a 10.0” angle Instead, 1ts frequency 
would be 

(a) twice as preat. 

(b) half as great. 

(c) the same, or very close tfO 1f. 


l 
(đ) not quite twice as great. | 
(e) a bit more than half as preat. Ị 


2. You drop a rock Into a pond, and water waves spread out 1n circles. 
(a) The waves carry water outward, away from where the rock hit. That moving 
Waf€T CarrIes energy outward. 
(b) The waves only make the water move up and down. No energy 1s carried 
outward from where the rock hit. 
(c) The waves only make the water move up and down, but the waves do carry 
energy outward, away from where the rock hit. 


fork, the balance wheel of an old watch, a pendulum, a plastic ruler 

held firmly over the edge of a table and gently struck, the strings of a 
guitar or piano. Spiders detect prey by the vibrations of their webs; cars oscillate 
up and down when they hit a bump; buildings and bridges vibrate when heavy 
trucks pass or the wind 1s fierce. Indeed, because most solids are elastic (see 
Section 9-5), they vibrate (at least briefly) when gIven an impulse. Electrical oscilla- 
tions Occur 1n radio and television sets. At the atomic level, atoms oscillate within a 
molecule, and the atoms of a solid oscillate about their relatively fixed positions. 


| | any obJects vibrate or oscillate——an object on the end oŸ a spring, a tuning 


Because 1t 1s so common 1n everyday life and occurs In so many areas of physics, 
oscillatory (or vibrational) motion 1s of great importance. Mechanical oscillations 
or vibrations are fully described on the basis of Ñewtonian mechanics. 

Vibrations and wave motion are intimately related. Waves—whether ocean 
Waves, Waves 0n a string, earthquake waves, or sound waves 1n alr—have as the1r 
source a vibration. In the case of sound, not only 1s the source a vibrating obJect, 
but so 1s the detector——the eardrum or the membrane of a microphone. Indeed, 
when a wave travels through a medium, the medium oscillates (such as alr for 
sound waves). In the second half of this Chapter, after we discuss oscillations, we 
wIll discuss simple waves such as those on water or on a string. In Chapter 12 
we wIll study sound waves, and in later Chapters we will encounter other forms 
of wave motion, including electromagnetic waves and light. 


TI—1 Simple Harmonic Motion— 
Spring Oscillations 


When an obJect vibrafes or oscillates back and forth, over the same path, each 
oscillatlon taking the same amount of time, the motion 1s periodic. The simplest 
form of periodic motion 1s represented by an obJect oscillating on the end oŸ a 
uniform coil spring. Because many other types of oscillatory motion closely 
resemble this system, we wIll look at it in detail. We assume that the mass of the 
spring can be ignored, and that the spring 1s mounted horizontally, as shown 1n 
Fig. 11—1a, so that the obJect of mass  slides without friction on the horizontal 
surface. Any spring has a natural length at which 1t exerts no force on the mass 7m. 
The position of the mass at this point 1s called the equilibrium posifion. Ifthe mass 
1s moved either to the left, which compresses the spring, or to the ripht, which 
stretches It, the spring exer(s a force on the mass that acts In the direction of 
returning the mass to the equilibrium position; hence it 1s called a resforing ƒorce. 
We consider the common situation where we can assume the restoring force # 
1s direcfly proportional to the displacement x the spring has been stretched 
(Eig. 11—1b) or compressed (Fig. 11—1c) from the equilibrium position: 


F = -k*%. [force exerted by spring| (11-1) 


Note that the equilibrium position has been chosen at x = 0 and the minus sign 
in Eq. 11—1 indicates that the restoring force 1s always in the directlon opposife 
to the displacement x. For example, 1Ÿ we choose the posiftive direction to the 
ripht in Eig. 11—1, x is positive when the spring 1s stretched (Eig. 11—1b), but the 
direction of the restoring force is to the left (negative direction). If the spring 
1S COompressed, x ¡is negative (to the left) but the force # acts toward the right 
(Eig. 11—1c). 

Equation 11—1 1s often referred to as Hooke”s law (Sections 6—4 and 9—5), and 
1S accurate only 1f the spring 1s not compressed to where the coils are close to 
touching, or síretched beyond the elastic region (see Fig. 9-19). Hooke”s law 
works not only for springs but for other oscillating solids as well; 1t thus has wide 
applicability, even though 1t is valid only over a certain range of # and x values. 

The proportionality constant & in Eq. 11—1 1s called the spring constant for 
that particular spring, or is spring stiffess constant (units = NÑ/m). To stretch 
the spring a distance x, an (external) force must be exerted on the free end of the 
spring with a magmitude at least equal to 


Fẹuy = +kx. [external force on spring] 


The greater the value of k, the greater the force needed to stretch a spring a given 
distance. That is, the stiffer the spring, the greater the spring constant k. 

Note that the force 1n Eq. 11—1 1s of a constant, but varies with posifion. 
Therefore the acceleration of the mass 7 1s not constant, so we cannof use the 
equafions for constant acceleration developed in Chapter 2. 


(c) <0 


FIGURE 11-1 An object of mass 
oscillating at the end ofa uniform 
spring. The force Ê on the object at the 
different positions 1s shown abøue the 
object. 


$*CAUTION 


Eqs. 2—]] ƒor constant acceleration 
do not aDpÌy to a spring 
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(4) x=0 
—F 
(e) x=-A x=0 


FIGURE 11-2 An object oscillating 
on a frictionless surface, indicating 
the force on the object and 1s 
velocity at different positions Of 1s 
oscillation cycÌe. 


ÊŠ*CAUTION 
For 0ertical spring, measure 
displacememt (x or y) from the 
Ðertical equilibriưun position 


FIGURE 11-3 


(a) Eree spring, hung vertically. 

(b) Mass rm attached to spring in new 
equilibrium position, which occurs when 
>»F =0= mg _— k%ạ. 


Let us examine what happens when our uniform spring 1s Initially compressed 
a distance x = —4, as shown In Fig. 11-2a, and then our object oŸ mass 7 1S 
released on the frictionless surface. The spring exerts a force on the mass that accel- 
erafes 1t toward the equilibrium position. Because the mass has Inertia, 1t passes 
the equilibrium position with considerable speed. Indeed, as the mass reaches the 
equilibrium posifion, the force on it decreases to zero, but 1ts speed at this pont 1s 
a maximum, „ax„ (Fig. 11-2b). As the mass moves farther to the ripht, the force 
on 1t acfs to slow 1t down, and 1t stops for an instant at x = 4 (Fig. 11-2c). It 
then begins moving back 1n the opposite direction, accelerating until it passes the 
equilibrium poïnt (Eig. 11—2d), and then slows down until it reaches Zero speed 
at the original starting point, x = —4 (Eig. 11-2e). It then repeats the motion, 
moving back and forth symmetrically between x = 4 and x = —A. 


EXERCISE A A mass is oscillating on a frictionless surface at the end of a horizontal 
spring. Where, If anywhere, ¡is the acceleration of the mass zero (see Fig. 11-2)? 
(a3) At x=-—4; (b)at x=0; (c) at x= +4; (đ) atboth x= —A and x= +4; 
(e) nowhere. 


To discuss oscillatory mofion, we need to defne a few terms. The distance x 
of the mass from the equilibrium point at any moment ¡is the displacement 
(with a + or — sign). The maxinum displacement—the greatest distance from 
the equilibrium point—1s called the amplitude, 4. One cycle refers to the com- 
plete to-and-fro motion from some Initial point back to that same point—say, 
from x= —A to x= +A and backto x = —A. The period, 7) 1s defined as 
the time required to complete one cycle. Finally, the frequeney, ƒ, 1s the number 
of complete cycles per second. Frequency 1s generally specified in hertz (Hz), 
where 1 Hz = 1 cycle per second (s). Given their definitions, frequency and 
period are inversely related, as we saw earlier (Eqs. 5—2 and 8—8): 


=ốỒ S.... (11-2) 


For example, if the frequency is 2 cycles per second, then each cycle takes 5s. 


EXERCISE B Tí an oscillating mass has a frequency of 1.25 Hz, it makes 100 oscillations 
1n (đ) 12.5 s, (b) 125 s, (c) 80 s, (đ) 8.0 s. 


The oscillation of a spring hung vertically 1s similar to that of a horizonfal spring; 
but because of gravity, the length of a vertical spring with a mass 7 on the end will 
be longer at equilibrrum than when that same spring 1s horizontal. See Hg. 11-3. 
The spring 1s in equilibrium when 3» = 0 = mg — kxạ, so the spring stretches 
an extra amount xạ = 7g/k to be in equilibrium. TỶ x is measured from this new 
equilibrium posifion, Eq. 11—1 can be used directly with the same value oŸ É. 


xnow 
measured 
from here 


(a) (b) 
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EXAMPLE 11-1 | Car springs. When a family of four with a total mass of @® PHYSICS APPLIED 
200 kg step into their 1200-kg car, the car”s sprinøs compress 3.0 cm. (2) What 1s Car springs 
the spring constant of the car's springs (Fig. 11-4), assuming they act as a single 
spring? (5) How far will the car lower 1f loaded with 300 kg rather than 200 kg? 
APPROACH We use Hooke's law: the weight of the people, g, causes a 3.0-cm 
displacement. 
SOLUTION (z) The added force of (200 kg)(9.8 m/s?) = 1960N causes the 
springs to compress 3.0 < 10 ”m. Therefore (Eq. 11-1), the spring constant is 


F 1960N 
.. Š =— = 6.5 10N/m. 
x— 3/0x10?m 


(b) If the car is loaded with 300 kg, Hooke”s law øIves 


F (300 kg)(9.8 m/s?) 
—k_ (65x 10N/m) 


= 35 % II “im, 


FIGURE 11-4 Photo of a car”s spring. 
(Also visible is the shock absorber, in 
NOTE In (5), we could have obtained x without solving for k: since x1s propor-  blue—see Section 11-5.) 

tional to #, 1f 200 kg compresses the spring 3.0 cm, then 1.5 times the force wIll 

compress the spring 1.5 tImes as much, or 4.5 cm. 


or 4.5 em. 


Any oscillating system for which the net restoring force 1s directÏy prOpOr- 
tional to the negative of the displacement (as in Eq. 11-1,  = —k#) 1s said to 
exhibit simple harmonic mofion (SHM).” Such a system is often called a simple 
harmonic oscillator (SHO). We saw in Section 9—5 that most solid materials 
stretch or compress according to Eq. 11—1 as long as the displacement 1s not too 
great. Because of this, many natural oscillations are simple harmonIc, or suffi- 
ciently close to 1t that they can be treated using this SHM model. 


CONCEPTUAL EXAMIPLE 11-2 | ls the motion simple harmonic? Which 


Of the following forces would cause an objJect to move 1n simple harmonic motIlon? 
(a) F = —0.5x', (b) F = —2.3y, (c) F = 8.6x, (d) F = —40) 


RESPONSE Both (0) and (4đ) will give simple harmonic motion because they 
ø1ve the force as minus a constant times a displacement. The displacement need 
not be x, but the minus sign 1s required to restore the system to equilibrium, 
which 1s why (c) does not produce SHM. 


T1—2 Energy in Simple Harmonic Motion 


'With forces that are not constant, such as here with simple harmonic motion, If 1s 
often convenient and useful to use the energy approach, as we saw in Chapter 6. 

To stretch or compress a spring, work has to be done. Hence potential 
enerøy 1s stored 1n a stretched or compressed spring. We have already seen 1n 
Section 6—4 that elastic potential energy 1s ø1ven by 


PE = jÄ#. 
The total mechanical energy 1s the sum of the kinetic and potential energies, 
E = ;muˆ? + ;k>x, (11-3) 


where ø is the speed of the mass 7 at a distance x from the equilibrium position. 


“The word “harmonic” refers to the motion being sinusoidal, which we discuss in Section 11-3. It is 
“simple” when the motion 1s sinusoidal of a single frequency. This can happen only 1f friction or other 
forces are not acting. 
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] 
E=sm 


02+ 3kx2 


FIGURE 11-5 Energy changes from 
potential energy to kinetic energy and 
back again as the spring oscillates. 
Enersy bar graphs (on the ripht) 
were used In Section 6—7. 


SHM can occur only 1Ÿ friction 1s negligible so that the total mechanical energy 
remaIns constant. As the mass oscillates back and forth, the energy confinuously 
changes from potential energy to kinetic energy, and back again (Hig. 11-5). At 
the extreme points, x = —4 and x = 4 (Fig. 11—5a, c), all the energy is stored 
in the spring as potential energy (and is the same whether the spring is com- 
pressed or stretched to the full amplitude). At these extreme poinfs, the mass s(Ops 
for an instant as 1t changes direction, so  = 0 and 


E = ÿm(0? + $kA? = ÿkA.. (11-4a) 
Thus, the tofal mechanical energy of a simple harmonic oscillator is proportional 


to the square of the amplitude. At the equilibrrum poïnt, x = 0 (Fig. 11—5b), all 
the energy 1s kinetic: 


E = sm%nyy + 3k(U)“ = 3mĐaax, (11~-4b) 


where mạx 1s the maximum speed during the motion (which occurs at x = 0). At 
intermediate points (Eig. 11—5d), the energy 1s part kinetic and part potential; 
because energy is conserved (we use Eqs. 11-3 and 11-4a), 


3m0? + 3kx? = 3kA?. (11-4c) 


From this conservatlon of energy equation, we can obtain the velocity as a 
function of position. Solving for ”, we have 


k k : 
2 = —(A?ˆ- x) = ^ _ 5) 
m m A 
From Egs. 11-4a and 11-4b, we have 37n2.„ = ÿkA?, so 024„ = (k/m)A2 or 
k 
Tay mÁ. (11-5a) 


Inserting this equation Into the equation Just above 1t and taking the square root, 
we have 


® = đ+U0maxA|Ì — —:: (11-5b) 


Thịs gives the velocity of the obJect at any position x. The obJect moves back and 
forth, so 1ts velocity can be either in the + or — direction, but i(s magnitude 
depends only on 1s position x. 


CONCEPTUAL EXAMIPLE 11-3 | Doubling the amplitude. Suppose the 


spring In Eig. 11—5 1s stretched twice as far (to x = 2⁄4). What happens to 
(2) the energy of the system, (b) the maximum velocity of the oscillating mass, 
(c) the maximum acceleration of the mass? 


RESPONSE (a) From Edq. 11—4a, the total energy 1s proportional to the square 
of the amplitude 4, so stretching it twice as far quadruples the energy (27 = 4). 
You may protest, “I did work stretching the spring ffom x= 0 to x= A. 
Donft I do the same work stretching 1t from A4 to 24?” No. The force you exert 
1S proportional to the displacement x, so for the second displacement, from 
x= A to24, you do more work than for the first displacement (x = 0 to 4). 
(b) From Eq. 11—5a, we can see that when the amplitude 1s doubled, the maxi- 
mum velocity must be doubled. 

(c) Since the force 1s twice as øreat when we stretch the spring twice as far (Ƒ = kx), 
the acceleration 1s also twice as great: a œ Ƒ < x. 


EXERCISE € Suppose the spring ¡in Fig. 11—5 1s compressed to x = —44, but is given 
a push to the ripht so that the initial speed of the mass z 1s ạ. What effect does this 
push have on (4) the energy of the system, (5) the maximum velocity, (c) the maximum 
acceleration? 
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Spring calculations. A spring stretches 0.150 m when a 
0.300-kg mass 1s gently suspended from 1t as In Hg. 11—3b. The spring 1s then set 
up hor1zontally with the 0.300-kgø mass resting on a frictionless table as m Elg. 11—5. 
The mass 1s pulled so that the spring 1s stretched 0.100m from the equilibrium 
point, and released from rest. Determine: (2) the spring stiffness constant k; 
(5) the amplitude of the hor1zontal oscillation 4; (c) the magnitude of the 
maximum velocity max; (đ) the magnitude of the velocity ø when the mass Is 
0.050 m from equilibrium; and (e) the magnitude of the maximum accelera- 
tion đma„ Of the mass. 


APPROACH Wow, a lot of questions, but we can take them one by one. When the 
0.300-kg mass hangs at rest from the spring as In Fig. 11—3b, we apply Newton”s 
second law for the vertical forces: XF = 0 = mg — kxạ, sO k = mg/xạ. For 
the hor1zontal oscillations, the amplitude 1s ø1ven, the velocifIes are found using 
conservation of energy, and the acceleration 1s found from # = 7a. 


SOLUTION (a) The spring stretches 0.150 m due to the 0.300-kg load, so 
F mg (0.300 kg)(9.80 m/s”) 
*0 X0 0.150m 


(b) The spring 1s now horizontal (on a table). It is stretched 0.100m from 
equilibrium and 1s ø1ven no 1nitial speed, so 4 = 0.100m. 


k 


= 19.6N/m. 


(c) The maximum velocItY max iS attained as the mass passes through the 
equilibrium point where all the energy 1s kinetic. By comparing the total energy 
(see Eq. 11-3) at equilibrium with that at full extension, conservation of enerøy 
tells us that 


3m0 +0 = 0+3kA1, 


where 44 = 0.100m. Solving for may (or using Edq. 11—5a), we have 


k 19.6N 
Đmax — Aalic= = (0.100 m) E hối bà hi ¬ 0.808 m/s. 
__ \ 0.300 kg 


(đ) We use conservation of energy, or Eq. 11—5b derived from it, and find that 


pc) (0.050 m)? 
U= Đmạya/1 = ; = (0808m/5)4/1——————s = Ú/00m/5, 
A (0.100 m) 


(c) By Newton”s second law, # = ma. So the maximum acceleration occurs 
where the force 1s preatest—that 1s, when x = 4 = 0.100m. Thus 
đ ngu kA (19.6 Ñ/m)(0.100 m) 


z - = = 2 
TƯ mì n 0.300 kg 6.53 m/5%“. 


NOTE_ We cannot use the kinematic equations, Eqs. 2—11, because the accelera- 
tion 1s not constant in SHM. 


EXAMPLE 11-5 | Energy calculations. For the simple harmonic oscillator 
of Example 11-4, determine (2) the total energy, and (b) the kinetic and poten- 
tial energies at half anplitude (x = + A/2). 


APPROACH We use conservation of energy for a mass—spring system, Edqs. 11—3 
and 11-4. 


SOLUTION (z)With k = 19.6N/m and 4A = 0.100m, the total energy Efrom 
Eq. 11-4a 1s 


E = jkA? = ;(19.6N/m)(0.100m)? = 9.80 x 1021. 
(b) At x = A/2 = 0.050m, we have 

PE = ¿kx? = ;(19.6N/m)(0.050m)? = 245 x 1021. 
By conservation of enersy, the kinetic energy must be 

KE = E— PE = 7.435 X 10”]. 
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FIGURE 11-6 Example 11—6. 
A spider waits for its prey (on the left). 


II_-3 The Period and 
Sinusoidal Nature of SHM 


The period of a simple harmonic oscillator 1s found to depend on the stiffness of 
the spring and also on the mass 7# that 1s oscillating. But—strange as 1t may 
seem—the period does not depend on the amplitude. You can Ïnd this out for 
yourself by using a watch and timing 10 or 20 cycles of an oscillating spring for a 
small amplitude and then for a large amplitude. 

The period 7 'is given by (see derivation on next page): 


ƒe: 0a l3 (11—6a) 


We see that the larger the mass, the longer the period; and the stiffer the spring 
(larger &), the shorter the period. This makes sense since a lareer mass means 
more inertia and therefore slower response (smaller acceleration). And larger k 
means øreater force and therefore quicker response (larger acceleration). Notice 
that Eq. 11-6a 1s not a direct proportion: the period varles as the square roof 
of 7⁄4. For example, the mass must be quadrupled to double the period. 
Equation 11-6a 1s fully in accord with experiment and 1s valid not only for a 
spring, but for all kinds of simple harmonic motlon——that 1s, for moftion subJect 
to a restoring force proportional to displacement, Eq. 11—1. 

W© can write the frequency using ƒ = 1/7 (Eq.11-2): 


ï 1 jk 
VẢ su na VỀ 0h 


EXERCISED By how much should the mass on the end of a spring be changed to halve 
the frequency of its oscillations? (2) No change; (b) doubled; (c) quadrupled; (đ) halved; 
(e) quartered. 


EXAMPLE 11-6  ESTIMATE | Spider web. A spider of mass 0.30 øg waits in 


1ts web of nepligible mass (Fig. 11-6). A slight movement causes the web to 
vibrate with a frequency of about 15 Hz. (a) Estimate the value of the spring 
stiffness constant k for the web. (b) At what frequency would you expect the web 
to vibrate 1Ÿ an 1nsect of mass 0.10 øg were trapped 1n addition to the spIder? 


APPROACH We can only make a rough estimate because a spIder's web 1s 
fairly complicated and may vibrate with a mixture of frequencies. We use SHM 
as an approxImate model. 


SOLUTION (a) The frequency of SHM šs given by Eq. 11—6b, 


1 k 
ƒT 2r\m 


We solve for k: 
k 


(2mƒ)m 
(2)? (15s 1)? (3.0 x 10kg) = 2.7N/m. 


(b) The total mass is now 0.10g + 0.30g = 4.0 x 10 “kg. We could substi- 
tute 7z = 4.0 x 10 “kg into Eq. 11-6b. Instead, we notice that the frequency 
decreases with the square root of the mass. Since the new mass 1s 4/3 times 
the first mass, the frequency changes by a factor of 1/4⁄4/3 = W⁄3/4. Thus 
ƒ= (15Hz)(NV⁄3/4) = 13 Hz. 

NOTE Check this result by direct substitution of k, found ïn part (2), and the 
new mass # into Eq. 11—6b. 
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A vibrating floor. A large motor in a factory 
causes the floor to vibrafe up and down at a frequency of 10 Hz. The amplitude 
of the floor”s motion near the motor 1s about 3.0 mm. Estimate the maximum 
acceleration of the floor near the motOr. 


APPROACH Assuming the motion of the floor is roughly SHM, we can make 
an estimate for the maximum acceleration using # = mưz and Eq. 11—6b. 


SOLUTION The maximum acceleration occurs when the force (# = ky) 1s 
largest, which iswhen x = A. Thus, đmay = max = kA/m = (k/m)A. From 
Eq.11-6b, (k/m) = (2ƒ), so 


Thax Ẹ 


qạ 
max m m 


)4 = (2mƒ)?A = (2m)”(10s”")?(3.0 x 10”m) = 12m/5S”. 
NOTE The maximum acceleration is a little over gø, so when the floor acceler- 
ates down, objects sitting on the floor wIll actually lose contact with the floor 


momentarily, which wIll cause noise and serIous Wear. 


Period and Frequency—Derivation 


We can derive a formula for the period of simple harmonic motion (SHM) by 
comparing SHM to an obJect rotating uniformly in a circle. From this same 
“reference circle” we can obtain a second useful result——a formula for the posi- 
tion of an oscillating mass as a function of time. There 1s nothing actually rotating 
1n a circle when a spring oscillates linearly, but 1t is the mathematical similarity 
that we find useful. 

Consider a small obJect of mass zm revolving counterclockwise 1n a circle of 
radius 4, with constanft speed max, on top of a table as shown 1n Eig. 11-7. As 
viewed from above, the motion 1s a circle in the xy plane. But a person who looks 
at the motion from the edge of the table sees an oscillatory motion back and 
forth, and this one-dimensional motion corresponds precisely to simple harmoniIc 
motion, as we shalÏ now see. 

'What the person sees, and what we are 1nterested in, 1s the proJection of the cir- 
cular motion onto the x axis (Fig. 11—7b). To see that this x motion 1s analogous to 
SHM, let us calculate the magmitude of the x component o the velocIty max, which 
1s labeled » 1n Eig. 11—7. The two triangles involving Ø1n Hg. 11—7a are similar, so 


Đ A7 — x 
max A 
OT 
x? 
U — Đmax J= F2 


This 1s exactly the equation for the speed of a mass oscillating with SHM, as we 
saw in Eq. 11—Sb. Thus the proJection on the x axis of an obJect revolving In a 
circle has the same motion as a mass undergoing SHM. 

We can now determine the period of SHM because 1f is equal to the time for 
our ob]ect revolving 1n a circle to make one complete revolution. First we nofe that 
the velocIty max 1s equal to the circumference of the circle (distance) divided by 
the period 7 


27A 
Đmay = KH” = 2mAƒ. (11-7) 
W© solve for the period 7'1n terms of 4: 
_— 2A 
max 


From Eq.11-5a, A/„ax = Wm/k. Thus 


TP lao PC 
.: 


which 1s Eq. 11—6a, the formula we were looking for. The period depends on the 
mass # and the spring stiffness constant k, but not on the amplitude A. 
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(b) 
FIGURE T1-7 (a) Circular motion 
of a small (red) object. (b) Side view 
Of circular moftion (x component) 1s 
simple harmonic motion. 
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Â*CAUTION 
tis a 0ariable (time); 
Tïs a constant for a gi0en situation 


FIGURE 11-8 Position as a function 
of time for a simple harmonic 
oscillator, x = Acos(2zf/7). 


Position as a Function of Time 


We now use the reference circle to find the position of a mass undergoing simple 
harmonic motion as a function of time. From Eig. 11—7, we see that cos Ø8 = x/A, 
so the proJection of the obJects position on the x aXIS 1S 


x = Acos0. 


The mass in the reference circle (Fig. 11-7) ¡is rotating with uniform angular 
velocity œ. We then can write Ø = œf, where Ø 1s 1n radians (Section 8—1). Thus 


x = Acosơi. (11—-8a) 


Furthermore, since the angular velocity œ (specilied in radians per second) can be 
wriften as œ = 2zrƒ, where ƒ1s the frequency (Eq. 8—7), we then write 


x = Acos(27ƒi), (11-8b) 
or in terms of the period 7, 
x = Acos(2zí/T). (11-8) 


Notice in Eq. 11-8c that when í = 7' (that is, after a time equal to one period), 
we have the cosine of 2zr (or 360), which ¡s the same as the cosine of zero. This makes 
sense since the motion repeats 1fself after a time f = 7. 

Because the cosine function varies between 1 and —1, Eqs. 11-8 tell us that 
x varles between 4 and —4, as 1t must. IÝa pen 1s attached to a vibrating mass as 
a sheet of paper 1s moved at a steady rate beneath it (Fig. 11-8), a sinusoidal 
curve will be drawn that accurately follows Eqs. 11—8. 


EXAMPLE 11-8 | Starting with x = A cos œứ. The displacement of an objecf 
1s described by the following equation, where +x 1s In mefters and í 1s in seconds: 


x = (0.30m) cos(8.0f). 
Determine the oscillating object's (2) amplitude, (5) frequency, (c) period, 


(2) maximum speed, and (e) maximum acceleration. 


APPROACH We start by comparing the given equation for x with Edq. 11—8b, 
x = Acos(27ƒi). 

SOLUTION FErom x = A cos(27ƒf), we see by inspection that (2) the amplitude 
A = 0.30m, and (b) 2ƒ = 8.0s; so ƒ = (80s 1/22) = 1.27 Hz. (c) Then 
T = 1/ƒ = 0.79s. (đ) The maximum speed (see Eq. 11-7) is 


Đmax = 2T7Aƒ 
(2m)(0.30m)(1.27s ') = 2.4m/s. 


(c) The maximum acceleration, by Newton”s second law, 1S đmay = Fmay/m = 
kA/m, because F(= kx) is preatest when x is preatest. From Eq. 11-6b we 
see that k/m = (2zƒ)?. Hence 


k 


max — uc 


(2zƒ}*A 


(2z)?(127s ')“(030m) = 19m/5Z. 


Sinusoidal Motion 


Equation 11-8a, x = 4 cos œf, assumes that the oscillating obJect starts from resf 
(ò = 0) atits maximum displacement (x = 44) at f = 0. Other equations for SHM 
are also possible, depending on the initial conditions (when you choose f to be zero). 
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FIGURE 11-9 Sinusoidal nature of SHM, 
posItion as a function of time. In this case, 
x= Asin(2z/T) because at f = 0 the 
mass Is at the equilibrium positlion x = 0 
and has (or 1s g1ven) an Initial speed at 

f = 0 that carriesitto x = A at f = ‡7. 


For example, 1ƒ at £ = 0 the obJect 1s at the equilibrium position and the oscilla- 
tions are begun by giving the object a push to the ripght (+x), the equation would be 
x = Asinøf = Asin(2zí/T). 

Thịs curve, shown in Eig. 11—9, has the same shape as the cosine curve shown 1n 
Fig. 11—8, except 1t 1s shifted to the right by a quarter cycle. Hence at í = 0 1t 
starfs ouf at x = 0 Instead ofat x = A. 

Both sine and cosine curves are referred to as being sinusoidal (having the 
shape of a sine function). Thus simple harmonic motionÏ ¡s said to be sinusoidal 
because the position varIes as a sinusoidal function of time. 


Displacement x 


* Velocity and Acceleration as Functions of Time 


Figure 11-10a, like Fig. 11-8, shows a graph of displacement x vs. time í, as 
given by Eqs. 11-8. We can also find the velocity  as a function oÝ time from 
Fig. 11—7a. For the position shown (red dot in Fig. 11—7a), the magnitude oŸ 
1S ØmaySInØ, but Ý poInts to the left, so ø= —ØmaxSsIn0. Again setting 
0 = øf = 27ƒt = 2mt/T, we have 


VelocIty ® 


ÐĐ = —ĐmaySIn@fÍ = —0maxSin(27ƒf) =  — 0ma„sin(27t/T). (11-9) 


Just after f = 0, the velocity 1s negative (points to the left) and remains so until 
f = ÿT (corresponding to Ø = 180° = z radians). After ƒ = ¿7 until £ = 7 the 
velocity Is positive. The velocity as a function of time (Eq. 11-9) is plotted in 
Fig. 11—10b. From Edqs. 11—6b and 11—7, 
k FIGURE 11-10 Graphs showing 
Đmax = 2mAƒ = A . (a) displacement x as a function of 
time f: x = Acos(27f/T); 

For a given spring—mass system, the maximum speed ømax 1s higher 1f the ampli-  (b) velocity as a function of time: 
tude 1s larger, and always occurs as the mass passes the equilibrrum poInt. Đ= —Đmạxsin(2z(/T), where 


Newton*s second law and Eqs. 11—8 give us the acceleration as a function oftime: max = 4Vk/7; (c) acceleration 
r k as a function of time: 
—kx 


kA 
a=—= = )e»er = —dmaxcos(2mf/T) — (II-10) 2= —đmaxcOS(2mt/T), where 
m m m max = Ak/m. 


Acceleration a 


where the maximum acceleration Is 


max = kA(m. 
: : sa . . FIGURE 11-11 Strobe-lizht photo 
Equation 11-10 ïs plotted in Hg. 11—10c. Because the acceleration ofFa SHO 1s 00f san oscillating pendulum, at 


constant, the equations for uniformly accelerated motion do øøf apply to SHM. - squal time intervals. 


11-4 The Simple Pendulum 


A simple pendulum consists of a small object (the pendulum bob) suspended 
from the end of a lightweight cord, Fig. 11—11. We assume that the cord does not 
stretch and that 1ts mass can be 1gnored relative to that of the bob. The motion of 
a simple pendulum moving back and forth with negligible friction resembles sim- 
ple harmonic motion: the pendulum bob oscillates along the arc of a circle with 
equal amplitude on either side of 1ts equilibrium poïnt, and as 1t passes through 
the equilibrium point (where 1t would hang vertically) it has 1ts maximum speed. 
But 1s it really undergoing SHM? That is, 1s the restoring force proportional fo 1fs 
displacemenf? Let us fnd out. 


?Simple harmonic motion can be đeƒfined as motion that is sinusoidal. This definition is fully consistent 
with our earlier definition in Section 11-1. 
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FIGURE 11-12 Simple pendulum, 
and a free-body diagram. 


sinØ Difference 


% 


TABLE 11-1 
Sin Ø at Small Angles 
0 0 
(degrees) (radians) 
0 0 
1° 001745 
5° _ 0.08727 
109 0.17453 
15°  0.26180 
20° 0.34907 
30°  0.52360 


FIGURE T1-13 The swinging motion 


0 

0.01745 
0.08716 
0.17365 
0.25882 
0.34202 
0.50000 


0 
0.005% 
0.1% 
0.5% 
1.1% 
2.0% 
4.5% 


of this elaborate lamp, hanging by a 


very long cord from the ceiling of the 


cathedral at PIsa, 1s said to have 
been observed by Galileo and to 
have Inspired him to the conclusion 
that the period of a pendulum does 
not depend on amplitude. 
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Pendulum clock 


The displacement s of the pendulum along the arc 1s given by s = 0, where 
6 is the angle (in radians) that the cord makes with the vertical and Éis the length 
of the cord (Eig. 11-12). If the restoring force 1s proportional to s or to 0, the 
motion wIll be simple harmonic. The restoring force 1s the net force on the bob, 
which equals the component of the weight (g) tangent to the arc: 


F. = -mgsin0, 


where g 1s the acceleration due to gravity. The minus sign here, as in Eq. 11-1, 
means the force 1s In the direction opposite to the angular displacement 6Ø. Since 
F 1S proportional to the sine of Ø and not to 6 1(self, the motion 1s zø¿ SHM. 
However, 1f Ø 1s small, then sin Ø is very nearly equal to Ø when the angle 1s speci- 
fied in radians. This can be seen by noting in Fig. 11—12 that the arc length s (= #9) 
1s nearly the same length as the chord (= £ sinØ) Indicated by the horizontal 
straight dashed line, ¡ƒ 9 ¡s sai! For angles less than 15”, the difference between 
6 (n radians) and sin 0 1s less than 1%—see Table 11—1. Thus, to a very good 
approximation for small angles, 


F = -mgsin0 % —mg9. 
Substituting s = f9, or Ø = s/f, we have 


Thus, for small displacements, the motion can be modeled as being approximately 
simple harmonic, because this approxImafe equation fñits Hooke's law, ` = —kx, where 
in place of x we have arc length s. The effective force constant is k = zmg/f. Ifwe 
substitute k = g/£ into Eq. 11-6a, we obtain the period of a simple pendulum: 


Ÿ söz. | =9. 
— ““V{k— ““N|ữg/t 


OT 
Tre NH [Ø small]_ (11-11a) 
The frequency is ƒ = 1/7, so 
1 
É =ó In [0 small]_ (11-11b) 
2m \ † 


The mass m of the pendulum bob does not appear In these formulas for 7' and ƒ. 
Thus we have the surprising result that the period and frequency of a simple pen- 
dulum do not depend on the mass of the pendulum bob. You may have noticed 
this 1Ý you pushed a small child and then a large one on the same swing. 

W© also see from Eq. 11—11a that the period of a pendulum does not depend 
on the amplitude (like any SHM, Section 11-3), as long as the amplitude Ø 1s small. 
Galileo 1s said to have first noted this fact while watching a swinging lamp In the 
cathedral at Pisa (Eig. 11—13). This discovery led to the Invention of the pendulum 
clock, the ñrst really precise timepiece, which became the standard for cenfturIes. 


EXERCISE E Return to Chapter-Opening Question 1, page 292, and answer it again 
now. Try to explain why you may have answered differently the first time. 


EXERCISE F If a simple pendulum is taken from sea level to the top of a high moun- 
tain and started at the same angle of 5”, it would oscillate at the top of the mountain 
(2) slightly slower; () slightly faster; (c) at exactly the same frequency; (đ) not at all—it 
would stop; (e) none of these. 


Because a pendulum does not undergo precisely SHM., the period does depend 
slightly on the amplitude—the more so for large amplitudes. The accuracy of a 
pendulum clock would be affected, after many swings, by the decrease In amplitude 
due to friction. But the mainspring in a pendulum clock (or the falling weighft in a 
grandfather clock) supplies energy to compensate for the friction and to maintain 
the amplitude constant, so that the timing remains precise. 


Oscillations and Waves 


EXAMPLE 11-9 | Measuring g. A geologist uses a simple pendulum that has 
a length of 37.10 cm and a frequency of 0.8190 Hz at a particular location on the 
Earth. What 1s the acceleration due to gravity at this location? 


APPROACH We can use the length £ and frequency ƒ of the pendulum 1n 
Edq. 11—11b, which contains our unknown, ø. 


SOLUTION We solve Eq. 11—11b for g and obtain 
g8 = (2mƒ}f = (2z)”(0.8190s ')*(0.3710m) = 9.824m/5S”. 


11-5 Damped Harmonic Motion 


The amplitude of any real oscillating spring or swinging pendulum slowly decreases 
1n time until the oscillatlons stop altogether. Figure 11—14 shows a typIcal praph of 
the displacement as a function of time. Thịs 1s called damped harmonic mofion. The 
dampingÏ is generally due to the resistance of air and to internal friction within the 
oscillating system. The energy that 1s dissipated to thermal energy results in a 
decreased amplitude of oscillation. 

Since natural oscillating systems are damped In general, why do we even talk 
about (undamped) simple harmonic motion? The answer is that SHM ¡s much 
easler to deal with mathematically. And 1f the damping 1s not large, the oscillations 
can be thought of as simple harmonic motion on which the damping 1s super- 
posed, as represented by the dashed curves in Eig. 11-14. Although damping 
does alter the frequency of vibration, the effect can be small if the damping 1s 
small; then Eqs. 11—6 can still be useful approxImations. 

Sometimes the damping 1s so large, however, that the motion no longer resem- 
bles simple harmonic motion. Three common cases Of heaily damjped systems are 
shown 1n Fig. 11—15. Curve A represents an underdamped situation, in which the 
system makes several oscillations before coming to resf; It corresponds to a more 
heavily damped version of Eig. 11—14. Curve C represents the oyerdamped situation, 
when the damping 1s so large that there 1s no oscillation and the system takes a 
long time to come to rest (equilibrium). Curve B represents crifical damping: in 
this case the displacement reaches zero 1n the shortest time. These terms all 
derive from the use of practical damped systems such as door-closing mechanisms 
and shock absorbers in a car (Eïig. 11—16), which are usually designed to gIve critical 
damping. But as they wear out, underdamping occurs: the door of a room sÏlams 
and a car bounces up and down several times when 1t hits a bump. 

In many systems, the oscillatory motion 1s what counts, as In clocks and 
musical instruments, and damping may need to be minimized. In other systems, 
Oscillations are the problem, such as a car”s sprinøs, so a proper amount of damping 
(1.e., critical) 1s desired. Well-designed damping is needed for all kinds of applica- 
tions. Large buildings, especially in California, are now buIlt (or retrofitted) with 
huge dampers to reduce possible earthquake damage (Fig. 11—17). 


“To “damp” means to diminish, restrain, or extinguish, as to “dampen one”s spirits.” 


FIGURE 11-16 Automobile spring 
Attachedto and shock absorber provide damping 
car frame so that a car won”t bounce up and 
down so much. 
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Piston FIGURE 11-17 These huge dampers 

placed in a building look a lot like 

huge automobile shock absorbers, 

and they serve a similar purpose——fO 

Attached to reduce the amplitude and the 

car axIe acceleration of movement when the 
shock of an earthquake hits. 
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FIGURE 11-14 Damped harmonic 
mofion. 


FIGURE T1-15 Graphs that represent 
(A) underdamped, (B) critically damped, 
and (C) overdamped oscillatory motion. 
x 
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Shock absorbers and 
building dampers 
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External frequency ° 
FIGURE 11-18 Amplitude as a 
function of driving frequency ƒ, 
showing resonance for liphtly 
damped (A) and heavily damped (B) 
Systems. 
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FIGURE T1-19 This goblet breaks as it 
vibrafes In resonance to a trumpet call. 
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Resonant collapse 


FIGURE 11-20 (a) Large-amplitude 
oscillations of the Tacoma Narrows 
Bridge, due to gusty winds, led to 1s 
collapse (NÑovember 7, 1940). 

(b) Collapse of a freeway In 
California, due to the 1989 earthquake. 


II—6 Forced Oscillations; Resonance 


'When an oscillating system 1s set Into motion, 1t oscillates at 1fs natural frequency 
(Eqs. 11—6b and 11—-11b). However, a system may have an external force applied 
to 1t that has 1ts own particular frequency. Then we have a forced oscillaftion. 
For example, we might pull the mass on the spring of Hg. 11—1 back and forth 
at an externally apphed frequency ƒ. The mass then oscillates at the external fre- 
quency ƒ of the external force, even 1f this frequency 1s different from the natural 
frequeney of the spring, which we will now denote by ƒạ, where (see Eq. 11—6b) 


l k 
im Ác. 


For a forced oscillation with only light damping, the amplitude of oscillation 
1S found to depend on the difference between ƒand ƒạ, and 1s a maximum when 
the frequency of the external force equals the natural frequency of the system—— 
that is, when ƒ = ƒạ. The amplitude 1s plotted In Eig. 11—18 as a function of the 
external frequency ƒ. Curve A represents light damping and curve B heavy damp- 
ng. When the external driving frequency ƒ1s near the natural frequency, ƒ + ƒ§, 
the amplitude can become large 1f the damping 1s small. This effect of Increased 
amplitude at ƒ = ƒọ 1s known as resonance. The natural oscillation frequency ƒọ 
OÝ a system 1s also called 1ts resonant frequency. 

A simple 1llustration of resonance 1s pushing a child on a swing. A swing, like 
any pendulum, has a natural frequency of oscillation. IỶ you push on the swing at 
a random frequency, the swing bounces around and reaches no great amplitude. 
But 1 you push with a frequency equal to the natural frequency of the swing, the 
amplitude Increases greatly. At resonance, relatively httle effort 1s required to 
obtain and maintain a large amplitude. 

The great tenor Enrico Caruso was said to be able to shatter a crystal goblet 
by singing a nofte of Just the ripht frequency at full voice. This 1s an example of 
resonance, for the sound waves emitted by the voice act as a forced oscillation on 
the glass. At resonance, the resulting oscillation of the goblet may be large enouph 
in amplitude that the glass exceeds 1s elastic limit and breaks (Eig. 11—19). 

Since material obJecfs are, in general, elastic, resonance 1s an important phe- 
nomenon 1n a varlety O situatlons. Ït is particularly important In construction, 
althouph the effects are not always foreseen. For example, 1t has been reported 
that a raillway bridge collapsed because a nick In one of the wheels oŸ a crossing 
tram set up a resonant oscillation m the bridge. Marching soldiers break step when 
crossing a bridge to avoid the possibility that their rhythmic march might match a 
resonant frequency of the bridge. The famous collapse of the Tacoma Narrows 
Bridge (Hig. 11—20a) in 1940 occurred as a result of strong gusfing winds driving 
the span Into large-amplitude oscillatory motion. Bridges and tall buildings are 
now designed with more inherent damping. The Oakland freeway collapse 1n 
the 1989 California earthquake (Hig. 11-20b) involved resonant oscillation of a 
section buIlt on mudiill that reachly transmitted that frequency. 

Resonance can be very useful, too, and we will meet important examples 
later, such as In musical instrumenfs and tuning a radio. We will also see that 
vibrating oblects often have not one, but many resonant frequencies. 


(a) EEBBG Tung 
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Il—7 Wave Motion 


'When you throw a stone 1nto a lake or pool of water, circular waves form and 


move outward, Fig. 11-21. Waves wIll also travel along a rope that 1s stretched 
out straipht on a table 1ƒ you vibrate one end back and forth as shown 1n 
Hig. 11-22. Water waves and waves 0n a rope or cord are two common examples 
of mechanical waves, which propagate as oscillations of matter. We wIll discuss 
other kinds of waves In later Chapters, including electromagnetic waves and lipht. 


Z 


TỶ you have ever watched ocean waves moving toward shore before they break, 
you may have wondered 1f the waves were carrying water from far out at sea onto 
the beach. They don't.' Water waves move with a recognizable velocity. But cach 
particle (or molecule) of the water 1tself merely oscillates about an equilibrium 
point. This 1s clearly demonstrated by observing leaves on a pond as waves move 
by. The leaves (or a cork) are not carried forward by the waves, but oscillate more 
or less up and down about an equilibrium point because this 1s the motion of the 
water 1{self. 


CONCEPTUAL EXAMIPLE 11-10 | Wave vs. particle velocity. Is the velocity 


of a wave moving along a rope the same as the velocity of a particle of the rope? 
See FElig. 11-22. 


RESPONSE No. The two velocities are different, both in magnitude and direc- 
tion. The wave on the rope of Eig. 11-22 moves to the right along the tabletop, 
but each piece of the rope only vibrates to and fro, perpendicular to the traveling 
wave. (The rope clearly does not travel in the direction that the wave on 1t does.) 


Waves can move over laree distances, but the medium (the water or the rope) 
1(self has only a limited movement, oscillating about an equilibrium poiïnt as in 
sinple harmonic motion. Thus, although a wave 1s not itself matter, the wave 
pattern can travel in matter. A wave consists of oscillations that move without 
carrying matter with them. 


TDo not be confused by the “breaking” of ocean waves, which occurs when a wave interacts with the 
ground ïn shallow water and hence is no longer a simple wave. 
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spreading outward from a source. In 
this case the source 1s a small spot of 
water oscillating up and down brlefly 


where a rock hit (left photo). 


FIGURE 11-22 Wave traveling on a rope or 
cord. The wave travels to the right along the 
rope. Particles of the rope oscillate back and 
forth on the tabletop. 
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‡ 'Velocity of 
Tope particle 


FIGURE 11-22 (Repeated.) Wave 
traveling on a rope or cord. The 
wave travels to the right along the 
rope. Particles of the rope oscillate 
back and forth on the tabletop. 


FIGURE T1-23 A wave pulse ¡s 
generated by a hand holding the end 
of a cord and moving up and down 
once. Motion of the wave pulse 1s to 
the ripht. Arrows Indicate velocity of 
cord particles. 
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FIGURE 11-24 Characteristics of a 
sinple-frequency continuous Wave 


moving through space. 
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'Waves carry energy from one place to another. Energy 1s ø1Ven to a water Wave, 
for example, by a rock thrown 1nto the wafter, or by wind far out at sea. The enerøy 1s 
transported by waves to the shore. The oscillating hand In Flg. 11-22 transfers 
enersy to the rope, and that energy 1s transported down the rope and can be trans- 
ferred to an obJect at the other end. All forms of traveling waves transport energy. 


EXERCISE G Return to Chapter-Opening Question 2, page 292, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Let us look more closely at how a wave 1s formed and how 1t comes to “travel.” 
We first look at a single wave bump, or pulse. A single pulse can be formed on 
a cord by a quick up-and-down mofion of the hand, EFig. 11-23. The hand pulls 
up on one end of the cord. Because the end section 1s attached to adJacent sections, 
these also feel an upward force and they too begin to move upward. As each 
succeeding section of cord moves upward, the wave crest moves outward along the 
cord. Meanwhile, the end section of cord has been returned to 1s oripinal position 
by the hand. As each succeeding section of cord reaches 1ts peak position, 1t too 
1s pulled back down again by tension from the adjacent section of cord. Thus the 
Source of a traveling wave pulse is a disturbance (or vibration), and cohesive forces 
between adjacent secfions oŸ cord cause the pulse to travel. Waves im other media are 
creafted and propagate outward 1n a similar fashion. A dramatic example oŸ a wave 
pulse 1s a tsunami or tidal wave that 1s created by an earthquake 1n the Earth”s crust 
under the ocean. The bang you hear when a door sÏams 1s a sound wave pulse. 

A confinuous or periodic wave, such as that shown 1n Flg. 11-22, has as 1tS 
source a disturbance that 1s continuous and oscillating; that 1s, the sOurce 1s a 
0ibration Or oscilafion. In Elg. 11-22, a hand oscillates one end of the rope. 
'Water waves may be produced by any vibrating obJect at the surface, such as your 
hand; or the water 1tself is made to vibrate when wind blows across 1t or a rock 
1s thrown 1nfo 1t. A vibrating tuning fork or drum membrane ø1ves rise to sound 
waves mm air. We wIll see later that oscillating electric charges g1ve rise to light 
waves. Indeed, almost any vibrating obJect sends out waves. 

The source of any wave, then, 1s a vibration. And 1t 1s a ibrafion that propa- 
gates outward and thus consfitutes the wave. If the source vibrates sinusoidally 
in SHM, then the wave 1fself——If the medium 1s elastic—wIll have a sinusoidal 
shape both in space and in time. (1) In space: !ƒ you take a picture of the wave in 
Space at a ø1ven 1nstant of time, the wave wIll have the shape of a sine or cosine as 
a function of position. (2) In time: 1ƒ you look at the motion of the medium at one 
place over a long period of time——for example, 1ƒ you look between two closely 
spaced posfs of a pler or out of a ship's porthole as water waves pass by——the 
up-and-down mofion of that small segment of water wIll be simple harmonic 
motion. The water moves up and down sinusoidally in time. 

Some of the important quantifies used to describe a periodic sinusoidal wave 
are shown n Fig. 11—24. The hipgh points on a wave are called cres/s; the low points, 
roughs. The amplitude, A, is the maximum height of a crest, or depth of a trough, 
relative to the normal (or equilibrium) level. The total swing from a crest to a troueh 
1S 2 (twice the amplitude). The distance between two successive cresfs 1s the 
wavelength, À (the Greek letter lambda). The wavelength 1s also equal to the dis- 
tance between 7y two successive Identical points on the wave. The frequency, ƒ, 
1s the number of crests——or complete cycles——that pass a øg1ven poInt per unit time. 
The period, 7, equals 1/ƒ and 1s the time elapsed between two successiVe cresfs 
passing by the same poinf 1n space. 


Crest l« À | 


Oscillations and Waves 


The wave speed, 0œ, ¡is the speed at which wave crests (or any other fixed 
point on the wave shape) move forward. The wave speed must be distinguished 
from the speed of a particle of the medium 1tself as we saw in Example 11—10. 

A wave crest travels a distance of one wavelength, À, in a time equal to one 
period, 7. Thus the wave speed is  = À/7. Then, since 1/7 = ƒ, 


Ð = Àƒ. (11-12) 


For example, suppose a wave has a wavelength of 5m and a frequency of 3 Hz. 
Since three cresfs pass a ø1ven point per second, and the crests are 5 m apart, the 
first crest (or any other part of the wave) must travel a distance of 15 m during 
the 1 s. So the wave speed ¡s 15 m/s. 


EXERCISE H You notice a water wave pass by the end of a pier, with about 0.5 s 
between crests. Therefore (z) the frequency is 0.5 Hz; (b) the velocity is 0.5 m/s; (c) the 
wavelength is 0.5 m; (đ) the period is 0.5 s. 


TI1—8 Types of Waves and Their Speeds: 
Transverse and Longitudinal 


When a wave travels down a cord—say, from left to ripht as in Hg. 11-22—the 
particles of the cord vibrate back and forth in a direction transverse (that 1s, perpen- 
dicular) to the motion of the wave 1tself. Such a wave 1s called a transyerse wave 
(Fig. 11—25a). There exists another type of wave known as a longitudinal wave. In a 
longitudinal wave, the vibration of the particles of the medium 1s đong the direction 
of the wave”s motion. LongItudinal waves are reachly formed on a stretched spring 
or Slinky by alternately compressing and expanding one end. This 1s shown 1n 
Fig. 11-25b, and can be compared to the transverse wave In Eig. 11—25a. A series 
Of compressions and expansions travel along the spring. The cø#pressions are 
those areas where the coils are momentarily close together. #xparsions (sometimes 
called rarefactions) are regions where the coils are momentarily far apart. CompTres- 
sions and expansions correspond to the crests and troughs of a transverse Wave. 


| —- «— Wavelength ——>‡ FIGURE 11-25 
(a) Transverse wave; 


(b) longitudinal wave. 
Compression Expansion 


FIGURE 11-26 Production of a 
— Wavelength———>l sound wave, which 1s longItudinal, 
@œ) shown at two moments in time about 

An important example of a longitudinal wave is a sound wave in air. A vibrat. 2halfperiod (57) apart. 
ing drumhead, for instance, alternately compresses and expands the aIr In confact VỆNG 
with it, producing a longitudinal wave that travels outward in the air, as shown 1n 
Fig. 11-26. 

As in the case 0Ý transverse waves, each section of the medium 1n which a 
longItudinal wave passes oscillates over a very small distance, whereas the wave 
1(self can travel large distances. Wavelength, frequency, and wave speed all 
have meaning for a longitudinal wave. The wavelength 1s the distance between 
Successive compressions (or between successive expansions), and frequency 1s 
the number of compressions that pass a ø1ven point per second. The wave speed 
1s the speed with which each compression appears to move; 1t is equal to the 
product of wavelength and frequency, ø = Àƒ (Eq. 11-12). 


Drum C : : 
mnembrane ompression Expansion 
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A longitudinal wave can be represented graphically by plotting the density of 
air molecules (or coils of a Slinky) versus position at a øIven insfant, as shown In 
Hig. 11-27. Such a graphical representation makes 1t easy to 1llustrate what 1s 
happening. Note that the graph looks much like a transverse wave. 


FIGURE 11-27 (a) A longitudinal wave 


in air, with (b) is praphical representation High 
at a particular Iinstant in time. c 
s 
(b) ®> Normal x 
.2 
= 
đ) 
a Low 
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Speed of Transverse Waves 


The speed of a wave depends on the properties of the medium 1n which 1t travels. 
The speed of a transverse wave on a stretched string or cord, for example, depends 
on the tension in the cord, #r, and on the mass per unit length of the cord, 
(the Greek letter mu). IỶ zm is the mass of a length # of wire,  = m/f. For 
waves of small amplitude, the wave speed 1s 


"= ST mi WaV© 


u on a cord 


This formula makes sense qualitatively on the basis of NÑewtonian mechanIcs. 
That 1s, we do expect the tension to be In the numerator and the mass per unit 
length In the denominator. Why? Because when the tension 1s øreafer, we expecf 
the speed to be greater since each segment oŸ cord 1s In tighter contact with 1s 
neiphbor. Also, the greater the mass per unit length, the more Inertia the cord 
has and the more slowly the wave would be expected to propagate. 


EXAMPLE 11-11 | Wave along a wire. A wave whose wavelength is 0.30 m 
1s traveling down a 300-m-long wire whose tofal mass 1s 15 kg. If the wIre 1s under 
a tension of 1000, what are the speed and frequency of this wave? 


| (11-13) 


APPROACH We assume the velocity oŸ this wave on a wire Is given by 
Eq. 11-13. We get the frequency from Edq. 11-12, ƒ = 0/À. 


SOLUTION From Edq. 11—13, the velocIty 1s 


: 1000N 1000N tỢ 
 \W(15kg)/G00m) — \(0050kg/m)  CUm/S. 


The frequency 1s 


Đ 140 m/s 
= = = 470H¿. 
J À 0.30m , 
NOTE A higher tension would increase both œ and ƒ, whereas a thicker, denser 


wire would reduce ?œ and ƒ: 


Speed of Longitudinal Waves 


The speed of a longitudinal wave has a form similar to that for a transverse wave 
on a cord (Edq. 11—13); that 1s, 


ý elastie force factor 
ùỤ = s š * 
1nertia factor 


In particular, for a longitudinal wave traveling down a long solid rod, 


E . * 
". .. = (11-14a) 
p 1n a long rod 


where # is the elastic modulus (Section 9—5) of the material and ø 1s Its density. 


For a longitudinal wave traveling 1n a liquid or gas, 


_ longitudinal wave 
HĐ5 nP È afluid | Xô Phn) 
where 7? ¡s the bulk modulus (Section 9—5) and ø again is the density. 


Echolocation. Echolocation is a form of sensory percep- 
tion used by animals such as bats, dolphins, and toothed whales (Eig. 11—28). The 
animal emits a pulse of sound (a longitudinal wave) which, after reflection from 
obJects, returns and 1s detected by the animail. Echolocation waves can have 
frequencies of about 100,000 Hz. (z) Estimate the wavelength of a sea animal”s 
echolocation wave. (b) If an obstacle is 100 m from the animal, how long after 
the animal emits a wave 1s 1s reflection detected? 


APPROACH We first compute the speed of longitudinal (sound) waves In sea 
water, using Eq. 11—14b and Tables 9—1 and 10-1. The wavelength is À = %/ƒ. 


SOLUTION (a) The speed of longitudinal waves In sea water, which 1s slightly 
more dense than pure water, is (Tables 9—1 and 10—1) 


B 2.0 x 10?°N/m7 
ma = ý (j0 JUjnyj§ 
p 1.025 x 10 kg/m' 
Then, using Eq. 11-12, we find 
1⁄4 x 10m/s 
`. in. 
ƒ (1.0 x 10 Hz) 
(b) The time required for the round trip between the animal and the object 1s 


i 2(100m 
n_ đistance — ( , ".. 
speed 1.4 x 10°m/s 


NOTE_ We shall see later that waves can be used to “resolve” (or detect) obJects 
whose size 1s comparable to or larger than the wavelensgth. Thus, a dolphin 
can resolve obJects on the order oŸ a centimeter or larger In s1ze. 


Other Waves 


Both transverse and longitudinal waves are produced when an earfhquake occurs. 
The transverse waves that travel through the body of the Earth are called S waves 
(S for shear), and the longitudinal waves are called P waves (P for pressure) or 
CØrnpression waves. Both longitudinal and transverse waves can travel throuph a 
solid since the atoms or molecules can vibrate about therr relatively fixed positions 
in any direction. But only longitudinal waves can propagate throuph a fluid, 
because any transverse motion would not experience any restoring force since 
a fiuid 1s readily deformable. This fact was used by geophysicists to Infer that a 
portion of the Earth”s core must be liquid: after an earthquake, longitudinal waves 
are detected diametrically across the Earth, but not transverse waves. 

Besides these two types of waves that can pass throuph the body of the Earth 
(or other substance), there can also be surƒøce +uaues that travel along the bound- 
ary between two materials. A wave on water 1s actually a surface wave that moves 
on the boundary between water and air. The motion of each particle oŸ water at 
the surface 1s circular or elliptical (Eig. 11—29), so it 1s a combination of hor1zontal 
and vertical motions. Below the surface, there 1s also horizontal plus vertical 
mofion, as shown. At the bottom, the motion is only horizontal. (When a wave 
approaches shore, the water drags at the bottom and 1s slowed down, while the 
crests move ahead at higher speed (Eig. 11-30) and “spIlÏ” over the top.) 

Surface waves are also set up on the Earth when an earthquake occurs. The 
waves that travel along the surface are mainly responsible for the damage caused 
by earthquakes. 


@ÒPHvsics APPLIED 
SDace percepfion 
by animals using sound t0aues 


FIGURE 11-28 A toothed whale 
(Example 11-12). 


đÒpHvysics APPLIED 
Earthquake tua0es 


FIGURE 11-29 A shallow water 
wave Is an example O a surƒace +0aUe, 
which 1s a combination of transverse 
and longitudinal wave motions. 


FIGURE 11-30 How a wafter wave 
breaks. The øreen arrows represent 
the local velocity of water molecules. 


w wWzr 
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Source 


FIGURE 11-31 A wave traveling 
uniformly outward In three 
dimensions from a source 1s spherical. 
TWwO cresfs (Or cOmpTessIOnS) are 
shown, of radii r¡ and 7s. 


ý PROBLEM SOLVING 
The 1/r? lau 


Waves which travel along a line In one dimension, such as transVverse Waves 
on a stretched string, or longitudinal waves 1m a rod or fluid-filed tube, are /mear 
OT one-dimensional tuaues. Surface waves, such as wafter waves (Fig. 11-21), are 
fquo-dimensional tuaues. Fmally, waves that move out from a source In all direc- 
tions, such as sound from a loudspeaker or earthquake waves throuph the Earth, 
are fhree-dimensional t0aues. 


TI—-9 Energy Transported by Waves 


Waves transport energy from one place to another. As waves travel through a 
mnedium, the energy 1s transferred as vibrational energy from particle to particle 
of the medium. For a sinusoidal wave of frequency ƒ, the particles move in SHM 
as a wave passes, so each particle has an energy E = ¿kA?, where A is the 
amplitude of 1ts motion, either transversely or longitudinally. See Eq. 11-4a. 

Thus, we have the Important result that the energy transporfed by a wave is 
proportfional to the square of the amplitude. The intensify 7 of a wave 1s defined 
as the power (energy per unit time) transported across unit area perpendicular 
to the direction of energy flow: 


energy/time pOWeT 


area area 


The S[I unit of intensity is watts per square meter (W/m?). Since the energy is 
proportional to the wave amplitude squared, so too 1s the InfensIty: 
lw đa. (11-15) 
T a wave flows out from the source 1n all đirections, 1t 1s a three-dimensional 
wave. Examples are sound traveling 1n open arr, earthquake waves, and light waves. 
If the medium 1s isotropic (same ïn all directions), the wave 1s a spherical tuaue 
(Eig. 11-31). As the wave moves outward, the enerøy 1t carries Is spread over 
a larger and larger area since the surface area of a sphere of radius r is 477”. 
Thus the 1ntensity of a spherical wave 1s 


DOWeT P 
[= HN chế [spherical wave] (11-16a) 


Tf the power output ? of the source 1s constant, then the Intensity decreases as 
the Inverse square of the distance from the source: 


1 


l œ = [spherical wave]  (11-16b) 


This is often called the inyerse square law, or the “one over z” law.” IÝ we consider 
two points at đistances r¡ and z; from the source, as in Eig. 11-31, then "¡ = P/4mr? 
and ï; = P/4zr?, so 


Ễ r‡ : 
—“ = [spherical wave]  (11-ló6c) 
1 P 

Thus, for example, when the distance doubles (r;/r¡ = 2), the intensity is reduced 


to ‡ is earlier value: ï;/l, = @Ÿ =ặ 


The amplitude of a wave also decreases with distance. Since the Intensity 1s 
proportional to the square of the amplitude (Eq. 11-15), the amplitude 4 must 
decrease as 1/r so that ƒ « 47 will be proportional to 1/77 (as in Eq. 11-16b). 
Hence 


1 
Aoœ—- 
? 


Tf we consider again two distances from the source, 7; and 7;, then 

4; r1 : 

FT sứ. [spherical wave] 
'When the wave 1s twice as far from the source, the amplitude 1s half as large, and 
so on (ipnoring damping due to friction). 
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EXAMPLE 11-13 | Earthquake intensity. The intensity of an earthquake 
P wave traveling through the Earth and detected 100 km from the source 1s 
1.0 x 10 W/m”. What is the intensity of that wave ¡f detected 400 km from the 
Source? 


APPROACH We assume the wave is spherical, so the intensity decreases as the 
square of the distance from the source. 


SOLUTION At 400 km the distance 1s 4 times greater than at 100 km, so the 
intensity wil be (Äƒ = ÿ of its value at 100km, or (1.0 x 105W/m?)/16 = 
6.3 x 10W/m. 

NOTE Using Eq. 11—16c directly gives: 


b} = hr?/r = (10 x 105 W/m?)(100 km)”/(400km)” = 6.3 x 10°W/mử. 


The situation 1s different for a one-dimensional wave, such as a transverse 
wave on a sfring or a longitudinal wave pulse traveling down a thin uniform metal 
rod. The area remains consfant, so the amplitude 4 also remains constant (ipnoring 
friction). Thus the amplitude and the intensity do not decrease with distance. 

In practice, frictional damping 1s generally present, and some of the energy 
1S transformed Into thermal energy. Thus the amplitude and Intensity of a 
one-dimensional wave will decrease with distance from the source. For a 
three-dimensional wave, the decrease will be greater than that discussed above, 
more than 1/r, although the effect may often be small. 


Intensity Related to Amplitude and Frequency 


For a sinusoidal wave of frequency ƒ, the particles move in SHM as a wave 
passes, so each particle has an energy E = zk4, where 4 is the amplitude of 
1{s motion. sing Eq. 11-6b, we can write & In terms of the frequency: 
k= 4m mƒ”, where m is the mass of a particle (or small volume) of the 
medium. Then 


E = jÿkA? = 2m ?mƒ2A!. 


The mass  = pV, where p 1s the density of the medium and V 1s the volume of 
a small slice of the medium as shown in Fig. 11-32. The volume V = $#, where 
Š is the cross-sectional surface area through which the wave travels. (We use ,Š 
Iinstead of 4 for area because we are using 4 for amplitude.) We can write £ as the 
đistance the wave travels in a time /as É = ?, where 0 1s the speed of the wave. 
Thus zm = pW = pSÉ = pSuí, and 


E = 2m?pSuiƒ?A2. (11-17a) 


From this equation, we see agaIn the important result that the energy transported 
by a wave 1s proportional to the square of the amplitude. The average pOWer trans- 


ported, P = Ƒ/1,1s 


¬- 
P = — — 2m pSuƒ°4. (11-17b) 


Finally, the intensity 7 of a wave 1s the averaøe power transported across unIt 
area perpendicular to the direction of energy flow: 


= 2m?puƒ?A). (11-18) 


Thịs relation shows explicitly that the Intensity of a wave 1s proportional both to 
the square of the wave amplitude 4 at any point and to the square of the 
frequency ƒ. 


Ân 


FIGURE 11-32 Calculating the 
energy carried by a wave moving 
with velocIty ?. 
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FIGURE 11-33 Reflection of a wave pulse 
traveling along a cord lying on a table. 
(Time increases going down.) (a) The end 
Of the cord is fixed to a peg. (b) The end of 


the cord 1s free to move. 


FIGURE 11-34 When a wave pulse 
traveling to the right along a thin 
cord (a) reaches a discontinuity 
where the cord becomes thicker and 
heavier, then part is reflected and 
pArt 1s transmitted (b). 


Light Heavy 
secion “_ À section 


TI—10 Reflection and Transmission 
of Waves 


'When a wave sfrikes an obstacle, or eomes to the end of the medium in which 1t 1s 
traveling, at least a part of the wave 1s reflected. You have probably seen water 
waves reflect off a rock or the side of a swimming pool. And you may have heard 
a shout reflected from a distant cliff——which we call an “echo.” 

A wave pulse traveling along a cord 1s reflected as shown ïn Fig. 11-33 (time 
Increases goïing downward in both a and b). The reflected pulse returns inverted 
as 1n Fig. 11—33a 1ƒ the end of the cord is fixed; 1t returns right side up 1f the end 1s 
free as in Eig. 11-33b. When the end is fixed to a support, as in Fig. 11—33a, the 
pulse reaching that fxed end exerts a force (upward) on the support. The support 
exerts an equal but opposite force downward on the cord (Newton% third law). 
This downward force on the cord is what “øenerates” the inverted reflected pulse. 


(a) (b) 

Consider next a pulse that travels along a cord which consisfs of a lighft section 
and a heavy section, as shown In Eig. 11-34. When the wave pulse reaches the 
boundary between the two sections, part of the pulse 1s reflected and part 1s trans- 
mitted, as shown. The heavier the second section of the cord, the less the energy 
that is transmitted. (When the second section is a wall or rigid support, very little 
1S transmitted and mostf is reflected, as in Eig. 11—33a.) For a sinusoidal wave, the 
frequency of the transmitted wave does not change across the boundary because 
the boundary point oscillates at that frequency. Thus 1f the transmitted wave has a 
lower speed, its wavelength is also less (À = 0/). 


' For a two or three dimensional wave, such as a water wave, we are concerned 
(a) with wave fron(s, by which we mean all the points along the wave forming the wave 
Transmited  crest (what we usually refer to simply as a “wave” at the seashore). A line drawn in 
pulse Ẫ . . : : 
the direction of wave mofion, perpendicular to the wave front, 1s called a ray, as 
—> shown In Eig. 11—35. Wave fronts far from the source have lost almost all their curva- 
Reflected ture (Eig. 11—35b) and are nearly straight, as ocean waves often are. They are then 
pulse @®) called plane waves. 
Ray 
FIGURE 11-35 Rays, signifying the direc(ion oŸ wave š 
motion, are always perpendicular to the wave fronts R § 
(wave crests). (a) Circular or spherical waves near the 2y = 
source. (b) Far from the source, the wave fronfs are 5 
nearly straight or flat, and are called plane waves. ` 
Ray 
312 CHAPTER11 Oscillations and Waves (a) () 


Incident 


Reflected 


For reflection of a two or three dimensional plane wave, as shown In Eig. 11—36, 
the angle that the incoming or /ciđenf tuaue makes with the reflecting surface 1s 
cqual to the angle made by the reflected wave. This 1s the law of reflection: 


the angle of reflection equals the angle of incidence. 


The angle of ineidence ¡s defined as the angle (6;) the incident ray makes with 
the perpendicular to the reflecting surface (or the wave front makes with the sur- 
face). The angle of reflecfion is the corresponding angle (6,) for the reflected wave. 


1I—T1I Interferencce; 
Principle of Superposition 


Interference refers to what happens when two waves pass through the same region 
Of space at the same time. Consider, for example, the two wave pulses on a cord 
traveling toward each other as shown ïn Fig. 11—37 (time increases downward in 
both a and b). In Fig. 11—37a the two pulses have the same amplitude, but one 1s 
a crest and the other a trouph; In Eig. 11—37b they are both crests. In both cases, 
the waves meet and pass right by each other. However, in the region where they 
overlap, the resultant displacement 1s the algebraic sưmn öƒ their separate displace- 
memís (a crest 1s considered posiftive and a trough negative). This 1s the prineiple of 
superposifion. In Hg. 11-37a, the two waves have opposite displacements at the 
1nstant they pass one another, and they add to zero. The result 1s called destrucfive 
inferference. In Fig. 11—37b, at the Instant the two pulses overlap, they produce a 
resultant displacement that 1s greater than the displacement of either separate 
pulse, and the result is consfructfive interference. 

You may wonder where the energy 1s at the moment of destructive 1nterfer- 
ence in Fig. 11-37a; the cord may be straight at this instant, but the central parts 
O 1t are still moving up or down (kinetic energy). 


Pulses far apart, 
approaching 


Time 
Pulses overlap 
precIsely 
(for an Instanf) 


Pulses far apart, 
receding 


FIGURE 11-36 Law of 
reflection: 0Ø; = 0;. 


FIGURE T1-37 Two wave pulses 
pass each other. Where they overlap, 
interference occurs: (a) destructive, 
and (b) constructive. Read (a) and 


(b) downward (increasing time). 
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Constructive 
Inferference 


Destructive 
1nterference 


(b) 


FIGURE 11-38 (a) Interference of water waves. (b) Constructive interference occurs where one wave”s 
maximum (a crest) meefs the other”s maximum. Destructive interference (“flat water”) occurs where one 
waves maximum (a cresf) meets the other”s miminum (a trough). 


'When two rocks are thrown 1nto a pond simultaneously, the two sefs OŸ cIrcu- 
lar waves that move outward Interfere with one another as shown in Hg. 11-38a. In 
some areas of overlap, crests oŸ one wave repeatedly meet crests of the other (and 
troughs meet troughs), Fig. 11—38b. Constructive Interference 1s occurring at these 
points, and the water continuously oscillates up and down with greater amplitude 
than either wave separately. In other areas, destructfive 1nterference occurs where the 
water does not move up and down at all over time. Thịs 1s where crests OÏ one wave 
meet troughs of the other, and vice versa. Figure 11—39a shows the displacement 
Of two Identical waves graphically as a function of time, as well as their sum, for 
the case oŸ constructive Interference. For any two such waves, we use the term 
phase to describe the relative positions of their crests. When the crests and troughs 
are alipned as 1n Hig. 11—39a, for constructive Interference, the two waves are in phase. 
At points where destructive Iinterference occurs (Fig. 11—39b), crests oŸ one wave 
repeatedly meet troughs of the other wave and the two waves are said to be 
completely out of phase or, more precisely, out of phase by one-half wavelength (or 
180°).” That is, the crests of one wave occur a half wavelength behind the crests of the 
other wave. The relative phase of the two water waves In Eig. 11—38 In most areas 
1S Intermediate between these two extremes, resulting In øarfialy destructive 
Interference, as 1llustrated in Fig. 11—39c. If the amplitudes oŸtwo 1nterfering waves 
are not equal, fully destructive Interference (as in Fig. 11—39b) does not Occur. 


One wavelength, or one full oscillation, corresponds to 360°—see Section 11-3, just after Eq. 11—8c, 
and also Fig. 11—7. 


FIGURE 11-39 Graphs showing two identical waves, and their sum, as a function of time at three locations. 
In (a) the two waves interfere constructively, in (b) destructfively, and in (c) partially destructively. 


MS, 


(a) 
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(b) (c) 


l11-12 Standing Waves; Resonance 


TỶ you shake one end of a cord and the other end 1s kept fixed, a continuous Wave 
wIll travel down to the fixed end and be reflected back, inverted, as we saw In 
Hig. 11—33a. As you continue to oscillate the cord, waves wIll travel in both direc- 
tions, and the wave traveling along the cord, away from your hand, will interfere 
with the reflected wave coming back. Usually there wIll be quite a jumble. But 
1f you oscillate the cord at Just the right frequency, the two traveling waves wIll 
I1nterfere In such a way that a large-amplitude standing wave will be produced, 
Fig. 11—40. It1s called a “standing wave” because 1t does not appear to be traveling. 
The cord simply appears to have segments that oscillate up and down 1n a fixed 
pattern. The points of destructive Interference, where the cord remains sfill at 
all times, are called nodes. Points of constructive 1nterference, where the cord 
oscillates with maximum amplitude, are called antinodes. The nodes and antinodes 
remain in fixed positions for a particular frequency. 

Standing waves can occur at more than one frequency. The lowest frequency 
Of oscillation that produces a standing wave gives rise to the pattern shown In 
Fig. 11—40a. The standing waves shown In Figs. 11—40b and 11—40c are produced 
at precisely twice and three times the lowest frequency, respecfively, assuming 
the tension 1n the cord 1s the same. The cord can also oscillate with four loops 
(four antinodes) at four times the lowest frequency, and so on. 

The frequencies at which standing waves are produced are the natural 
frequencies or resonant frequencies of the cord, and the different standing wave 
patterns shown 1n Eig. 11—40 are different “resonant modes oŸ vibration.” A stand- 
Ing wave on a cord 1s the result of the Interference of two waves traveling 1n 
Opposife directions. A standing wave can also be considered a vibrating obJect at 
resonance. Standing waves represent the same phenomenon as the resonance of 
an oscillating spring or pendulum, which we discussed In Section 11-6. However, 
a spring or pendulum has only one resonant frequency, whereas the cord has 
an Infnite number of resonant frequencies, each of which 1s a whole-number 
multiple of the lowest resonant frequency. 

Consider a string stretched between two supports that 1s plucked like a guitar 
or violin string, Fig. 11—41a. Waves of a great variety of frequencies will travel In 
both directions along the string, will be reflected at the ends, and wIll travel back 
in the opposite direction. Most of these waves Interfere with each other and 
quickly die out. However, those waves that correspond to the resonant frequen- 
cies Of the string will persist. The ends of the string, since they are fixed, will be 
nodes. There may be other nodes as well. Some of the possible resonant modes of 
vibration (standing waves) are shown in Fig. 11—4Ib. Generally, the motion will 
be a combination of these different resonant modes, but only those frequencles 
that correspond to a resonant frequency wIll be present. 
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FIGURE 11-40 Standing waves 
corresponding to three resonant 


{requencIes. 


FIGURE T1-41 (a) A string ¡s plucked. (b) Only standing waves corresponding to resonant frequencies persist for long. 
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FIGURE 11-41b (Repeated.) 
(b) Only standing waves 
corresponding to resonant 
frequencies persist for long. 
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To determine the resonant frequencies, we first note that the wavelengths of 
the standing waves bear a simple relationship to the length £ of the string. The 
lowest frequency, called the fundamental frequenecy, corresponds to one antinode 
(or loop). And as can be seen In Eig. 11-41b, the whole length corresponds to 
one-half wavelength. Thus # = ÿÀ¡, where À; stands for the wavelensth of the 
fundamenial frequency. The other natural frequencies are called overtones; for a 
vibrating string they are whole-number (integral) multiples of the fundamental, 
and then are also called harmonics, with the fundamental being referred to as the 
first harmonic.” The next mode of vibration after the fundamental has two loops 
and 1s called the seeond harmonic (or first overtone), Fig. 11—41b. The length of 
the string £ at the second harmonic corresponds to one complete wavelensth: 
£ = À;¿. For the third and fourth harmonics, £ = 3À;, and ƒ = 3À¿ = 2À¿, respec- 
tively, and so on. In general, we can write 

HÀn 


( = SINI wheren = 1, 2, 3,--: 


The Integer ø labels the number of the harmomc: ø = 1 for the fundamental, 
n = 2 for the second harmonrc, and so on. We solve for À„ and find 


_ “ZÈ — string fixed 
LUNN nẺ H Sỹ cha huý. Ề both cờ (1-12) 
To fnd the frequency ƒ of each vibration we use Eq. 11-12, ƒ = ø/A, and see that 
LÙ Đ 
Tm TP " 2p HÍ, n= 1, 2, 3,---, (11-19b) 


where ƒ¡ = 0/À¡ = 0/2 is the fundamental frequency. We see that cach resonant 
{requency 1s an Integer multiple of the fundamental frequency on a vibrating string. 

Because a standing wave 1s equivalent to two traveling waves moving 1n 
Oopposife directions, the concept of wave velocity still makes sense and 1s given by 
Edq. 11-13 in terms of the tension #† in the strmg and 1(s mass per unit length 
(u = m/Ð). Thatis, ® = V Hr/u for waves traveling in either direction. 


EXAMPLE 11-14 | Piano string. A piano string 1.10 m long has mass 9.00 g. 
(z) How much tension must the string be under 1 ïf is to vibrafe at a fundamental 
frequency of 131 Hz? (b) What are the frequencies of the first four harmonics? 


APPROACH To determine the tension, we need to find the wave speed using 
Eq.11-12 (ò = Àƒ), and then use Eq. 11-13, solving it for #. 


SOLUTION (2) The wavelength of the fundamental is À = 2f = 2.20m 
(Eq. 11-19a with ø = 1). The speed of the wave on the string Is ® = Àƒ = 
(2.20 m)(131 s †) = 288 m/s. Then we have (Eq. 11-13) 

m„ — (9.00 10kg 
“ 1.10m 


Fị = mu? = lz» m/s)” = 679N. 
(b) The first harmonic (the fundamental) has a frequency ƒ¡ = 131 Hz. The 
frequencies of the second, third, and fourth harmonics are two, three, and four 
times the fundamental frequency: 262, 393, and 524 Hz, respectively. 


NOTE The speed of the wave on the string 1s zø/ the same as the speed of the 
sound wave that the piano string produces In the air (as we shall see in Chapter 12). 


A standing wave does appear to be standing in place (and a traveliny wave 
appears to move). The term “standing” wave 1s also meaningful from the poïnt of 
view Of energy. Since the string 1s at rest at the nodes, no energy flows past these 
points. Hence the energy 1s not transmitted down the string but “stands” 1n place 
1n the string. 

Standing waves are produced not only on strings, but also on any obJect that 1s 
struck, such as a dtum membrane or an obJect made of metal or wood. The resonant 
frequencies depend on the dimensions of the obJect, Just as for a string they depend 
on 1ts length. Large obJects have lower resonant frequencies than small obJects. 


“The term “harmonic” comes from music, because such integral multiples of frequencies “harmonize.” 


All musical instruments, from stringed to wind instruments (¡in which a column 0Ý alr 
oscillates as a standing wave) to drums and other percussion instruments, depend on 
standing waves to produce their particular musical sounds, as we shall see in Chapter 12. 


*1I—l3 RefractionỶ 


When any wave strikes a boundary, some of the energy 1s reflected and some 1s 
transmitted or absorbed. When a two- or three-dimensional wave traveling in one 
medium crosses a boundary Into a medium where ifs speed 1s different, the trans- 
mitted wave may move 1n a different direction than the incident wave, as shown 
1n Eig. 11-42. This phenomenon 1s known as refracfion. One example 1s a water 
wave; the velocity decreases 1n shallow water and the waves refract, as shown 1n 
Fig. 11-43. [When the wave velocity changes gradually, as in Eig. 11-43, without  FIGURE 11-42 Refraction of waves 
a sharp boundary, the waves change direction (refract) gradually. | p2ssing a boundary. 

In Eig. 11-42, the velocity of the wave in medium 2 1s less than in medium 1. 
In this case, the wave front bends so that it travels more nearly parallel to the FIGURE 11-43 Water waves refract 
boundary. That is, the angle oƒ reƒraction, Øy, 1s less than the angle oƒ incidence, Ö;.  sradually as they approach the 
To see why this is so, and to help us get a quantitative relation between 6; and Ø¡, _ shore, as their velocity decreases. 
let us think of each wave front as a row of soldiers. The soldiers are marching  There is no distinct boundary, as in 
from firm ground (medium 1) into mud (medium 2) and hence are slowed down Eig. 11-42, because the wave 
after the boundary. The soldiers that reach the mud first are slowed down first,  velocity changes gradually. 
and the row bends as shown ïn Eig. 11-44a. Let us consider the wave front (or 
row of soldiers) labeled A in Hg. 11-44b. In the same time í that ÀA¡ moves a 
distance f¡ = œ;¡f, we see that A; moves a distance ; = ò;í. The two ripht trianples 
in Hg. 11-44b, shaded yellow and green, have the side labeled z In common. Thus 


Incident 


since z is the hypotenuse, and 


. ( Đạf 
sin0, = Ó = 


Dividing these two equations, we obftain the law of refraction: 
sin 8; Đ› 


l = (11-20) 
sin Ø %Ị 


Since 0; is the angle of incidence (6;), and Ø; is the angle of refraction (6,), 
Eq. 11-20 gives the quantitative relation between the two. IÝ the wave were øoing 
1n the opposite direction, the geometry would not change; only 0; and 0; would 
change roles: 0; would be the angle of incidence and 6; the angle of refraction. 
Thus, 1ƒ the wave travels Iinto a medium where 1t can move faster, 1t will bend 
the opposlte way, 0; > 6¡. We see from Edq. 11-20 that 1ƒ the velocity Increases, 
the angle increases, and vice versa. 


“This Section and the next are covered in more detail in Chapters 23 and 24 on optics. 


FIGURE 11-44 (a) Marching soldier analogy to derive 
(b) law of refraction for waves. 
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€@ÒpHvysics APPLIED 
Earthquake tuaue refraction 


(b) 
FIGURE 11-45 Wave diffraction. 
In (a) the waves pass throueh a slit 


and into the “shadow region” behind. 


In (b) the waves are coming from 

the upper left. As they pass an 
obstacle, they bend around ¡ft Into the 
shadow region behind II. 


(a) Water waves passing 
blades of ørass 


Earthquake waves refract within the Earth as they travel through rock layers 
of different densities (which have different velocities) Just as water waves do. Light 
waves refract as well, and when we discuss light, we shall find Eq. 11—20 very useful. 


*1lI—-l4 Diffraction 


'Waves spread as they travel. When waves encounter an obstacle, they bend around 
1t somewhat and pass 1nto the region behind 1t, as shown 1n Elg. 11—45 for water 
waves. This phenomenon 1s called difraction. 

The amount of diffraction depends on the wavelength of the wave and on the 
s1ze of the obstacle, as shown 1n Eig. 11—46. Ifthe wavelength 1s much larger than 
the object, as with the grass blades of Fig. 11—46a, the wave bends around them 
almost as 1Ÿ they are not there. For larger objects, parts (b) and (c), there is more 
of a “shadow” reglon behind the obstacle where we mipht not expect the waves 
to penetrate—but they do, at least a little. Then notice in part (d), where the 
obstacle is the same as In part (c) but the wavelength is longer, that there is more 
diffraction Into the shadow region. As a rule of thumb, only ¡ƒ the tuauelength 
is simaller than the size öƒ the object t0ill there be a significant shadot%U region. 
This rule applies to reflecfion from an obstacle as well. Very little oŸ a wave 1s 
reflected unless the wavelength 1s smaller than the size of the obstacle. 

A roupgh guide to the amount of diffraction 1s 


6(radians) + m 
where Ø 1s roughly the angular spread of waves after they have passed through an 
opening of width £ or around an obstacle of width É. 

That waves can bend around obstacles, and thus can carry energy fO areas 
behind obstacles, 1s very different from energy carried by material particles. 
A clear example 1s the following: 1Ÿ you are standing around a corner on one side 
ofa building, you cannot be hit by a baseball thrown from the other side, but you 
can hear a shout or other sound because the sound waves diffract around the 


edges of the building. 
~ : “— -. —- 
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Waves passing log 


(d) Long-wavelength 
wWaves passing log 


FIGURE 11-46 Water waves, coming from upper left, pass objects of 
Various s1zes. Note that the longer the wavelength compared to the 
sIze of the obJect, the more diffraction there 1s Into the “shadow region.” 


318 CHAPTER 11 


Cell phones. Cellular phones operate by 
radio waves with frequencies of about 1 or 2 GHz (1 gigahertz = 10” Hz). These 
waves cannot penetrate obJecfs that conduct electricity, such as a sheet of metal or 
a tree trunk. The sound quality 1s best 1f the transmifting antenna is within clear 
view Of the handset. Yet it is possible to carry on a phone conversation even 1f 
the tower 1s blocked by trees, or 1ƒ the handset 1s inside a car. Why? 


RESPONSE TỶ the radio waves have a frequency of about 2 GHz, and the speed 
Of propagation is equal to the speed of light, 3 < 108 m/s (Section 1—5), then 
the wavelengthis À = ø/ƒ = (3 x 10Ẻm/)/(2 x 10”Hz) = 0.15m. The waves 
can diffract readily around obJects 15 cm In diameter or smaller. 


Oscillations and Waves 


*1I—15 Mathematical Representation 
of a Traveling Wave 


A simple wave with a single frequency, as In Eig. 11—47, 1s sinusoidal. To express 
such a wave mathematically, we assume 1t has a particular wavelength À and 
frequency ƒ. At í = 0, the wave shape shown 1s 

y = Asmn = Ä. (11-21) 
where y ¡is the displacement of the wave (either longitudinal or transverse) 
at posiion x, À is the wavelength, and A ¡s the amplitude of the wave. 
[Equation 11-21 works because it repeats itself every wavelength: when x = À, 
y = sin27 = sin0.] 

Suppose the wave 1s moving to the right with speed œ. After a time í, each 
part of the wave (indeed, the whole wave “shape”) has moved to the right a dis- 
tance œí. Figure 11-48 shows the wave at í = 0 as a solid curve, and at a later 
time í as a dashed curve. Consider any point on the wave at í = Ö: say, a cresf 
at some position x. After a time í, that crest wIll have traveled a distance 0í, so 
1fS new pOoSiflon 1s a distance øœí greater than 1s old position. To describe this 
crest (or other point on the wave shape), the areument of the sine function mustf 
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FIGURE 11-47 The characteristics 
of a single-frequency wave at f = 0 
(just as in Fig. 11-24). 


FIGURE 11-48 A travelins wave. In 
time f, the wave moves a distance %œí. 


Wave at 


have the same numerical value, so we replace x in Eq. 11-21 by (x — 0í): 


y= Asn|“T@ — s9] 


(11-22) 


Said another way, 1Ÿ you are on a cresf, as ƒ Increases, x musf increase at the same 


rate so that (x — f) remains constant. 


For a wave traveling along the x axis to the left, toward decreasing values oÝ x, 


® becomes —?0, SO 


2 
y= An“ @ + s9 


 Summary 


An oscillating (or vibrating) object undergoes simple harmonic 
mofion (SHM) If the restoring force 1s proportional to (the 
negative of) the displacement, 


F = -kx. (11-1) 


The maximum displacement from equilibrium 1s called the 
amplitude. 

The period, 7, 1s the time required for one complete cycle 
(back and forth), and the frequeney, ƒ, is the number of cycles 
p€r second; they are related by 


(11-2) 


The period of oscillation for a mass # on the end of a 
Spring 1s øIven by 


Jm 
VÁ ẻ# 
TT k 


SHM 5s sinusoidal, which means that the displacement as 
a function of time follows a sine curve. 
During SHM, the total energy 


(11-6a) 


E = jsmu®ˆ + 3kx? (11-3) 


Is continually changing from potential to kinetic and back 
again. 


A simple pendulum of length £ approximates SHM IỶ is 
amplitude 1s small and friction can be Ignored. For small ampli- 
tudes, 1ts period 1s øIven by 


T = NI 
§ 


where ø Is the acceleration OŸ øravIty. 

'When friction is present (for all real sprines and pendulums), 
the motion is said to be đamped. The maximum displacement 
decreases in time, and the mechanical energy 1s eventually all 
transformed to thermal energy. 

Ta varying force of [requency ƒis applied to a system capable 
Of oscillating, the amplitude of oscillation can be very large 1ƒ the 
{requency of the applied force 1s near the natural (or resonanf) 
frequency of the oscillator. This is called resonanee. 

Vibrating objec(s act as sources of waves that travel 
outward from the source. Waves on water and on a cord are 
examples. The wave may be a pulse (a single crest), or it may 
be continuous (many crests and troughs). 

The wavelength of a continuous sinusoidal wave 1s the dis- 
tance between fwO successive cresfs. 

The frequency is the number of full wavelengths (or crests) 
that pass a øgIven point per unit time. 

The amplitude of a wave 1s the maximum height of a crest, 
or depth of a trough, relative to the normal (or equilibrium) 
level. 


(11-11a) 
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The wave speed (how fast a crest moves) ¡is equal to the 
product of wavelength and frequency, 


0 = Àƒ. (11-12) 


In a transverse wave, the oscillations are perpendicular to 
the direction in which the wave travels. An example 1s a wave 
on a cord. 

In a longitudinal wave, the oscillations are along (parallel 
to) the line of travel; sound is an example. 

Waves carry energy Írom place to place without matter 
being carried. The intensifty of a wave 1s the energy per unit time 
carried across unit area (in watts/m?). For three-dimensional 
waves fraveling outward from a point source, the Intensity 
decreases Inversely as the square of the distance from the source 
(ignoring damping): 

l œ sa 


r 


Wave Intensity 1s proportional to the amplitude squared 
and to the frequency squared. 

'Waves reflect off obJects in their path. When the wave front 
(of a two- or three-dimensional wave) strikes an object, the 
angle of reflecfion ¡s equal to the angle of incidence. This 1s 
the law of reflection. When a wave strikes a boundary between 
two materials in which it can travel, part of the wave 1s reflected 
and part is transmitted. 


(11-16b) 


When two waves pass through the same reglon oŸ space 
at the same time, they inferfere. The resultant displacement at 
any poïnt and time 1s the sum of their separate displacements 
(= the superposiftion principle). This can result in construcfive 
inferference, destructfive interference, or something In between, 
depending on the amplitudes and relative phases of the waves. 

Waves traveling on a string of fixed length interfere with 
waves that have reflected off the end and are traveling back in 
the opposite direction. At certain frequencies, standing waves can 
be produced in which the waves seem to be standing still rather 
than traveling. The string (or other medium) is vibrafing as a 
whole. This is a resonance phenomenon, and the frequenclies 
at which standing waves occur are called resonant frequencies. 
Points of destructive interference (no oscillation) are called 
nodes. Points of construcfive interference (maximum amplitude 
of vibration) are called anfinodes. 

[ZWaves change direction, or refracf, when traveling from 
one medium Infto a second medium where therr speed is different. 
'Waves spread, or diffract, as they travel and encounter obstacles. 
A roupgh guide to the amount of diffraction is Ø ~ À/f, where 
À 1s the wavelenpth and £ the width of an obstacle or opening. 
There 1s a significant “shadow region” only 1f the wavelength À 
1s smaller than the size of the obstacle. | 

[#A traveling wave can be represented mathematically as 
y= Asin {(2m/A)(x + f)}-] 


 Questions 


1. Is the acceleratlon of a simple harmonic oscillator ever 
zero? If so, where? 


2. Real springs have mass. WIII the true period and frequency 
be larger or smaller than given by the equations for a mass 
oscillating on the end of an idealized massless spring? 
Explain. 

3. How could you double the maximum speed of a simple 
harmonic oscillator (SHO)? 


4. If a pendulum clock 1s accurafte at sea level, will it gain or 
lose time when taken to hiph altitude? Why? 


5. A tire swing hanging from a branch reaches nearly to the 
sround (Eig. 11-49). How could you estimate the height 
of the branch using only a stopwatch? 


FIGURE 11-49 Ouestion 5. 
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6. For a simple harmonic oscillator, when (ïf ever) are the 
displacement and velocity vectors In the same direction? 
'When are the displacement and acceleration vecfors In the 
same đdirection? 


7. Two equal masses are attached to separate 1dentical springs 
next to one another. One mass 1s pulled so 1fs spring stretches 
40cm and the other 1s pulled so 1s spring stretches only 
20 cm. The masses are released sinultaneously. Which mass 
reaches the equilibrium poïnt first? 


8. What is the approximate period of your walking step? 


9. What happens to the period of a playground swing 1Ý you 
rIse up from sitting to a standing positIlon? 


10. Why can you make water slosh back and forth in a pan 
only 1ƒ you shake the pan at a certain frequency? 


11. Is the frequency of a simple periodic wave equal to the 
frequency of its source? Why or why not? 


12. Explain the difference between the speed of a transverse 
wave traveling along a cord and the speed of a tiny plece 
of the cord. 


13. What kind of waves do you think wIll travel along a hori- 
zontal metal rod ïf you strike its end (2) vertically from 
above and (?) horizontally parallel to 1ts length? 


14. Since the density of alr decreases with an Increase In tem- 
perature, but the bulk modulus ZÖ 1s nearly independent of 
temperature, how would you expect the speed of sound 


Waves In alr to vary with temperature? 


b 


15. If a rope has a free end, a pulse sent down the rope 
behaves differently on reflection than If the rope has that 
end fixed In position. What is this difference, and why does 
1t Occur? 


16. How did geophysicists determine that part of the Earth's 
1nfer1or 1s liquid? 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


The speed of sound in most solids is somewhat greater 
than in air, yet the đensity of solids is muụch greater (10 to 
10! times). Explain. 


Give two reasons why circular water waves decrease In 
amplitude as they travel away from the source. 


Two linear waves have the same amplitude and speed, and 
otherwise are identical, except one has half the wavelength 
of the other. Which transmits more energy? By what factor? 


'When a sinusoidal wave crosses the boundary between two 
sections of cord as In Eig. 11-34, the frequency does not 
change (although the wavelength and velocity do change). 
Explain why. 

Is energy always conserved when two waves Interfere? 
Explain. 


T a string 1s vibrating as a standing wave in three loops, 
are there any places you could touch it with a knife blade 
without disturbing the motion? 


'Why do the strings used for the lowest-frequency notes on 
a piano normally have wIire wrapped around them? 


24. 


25. 


26. 


*21. 


When a standing wave exIsts on a string, the vibrations of 
I1ncident and reflected waves cancel at the nodes. Does this 
mean that energy was destroyed? Explain. 


Can the amplitude of the standing waves In Fig. 11-40 be 
øreater than the amplitude of the vibrations that cause them 
(up and down motion of the hand)? 


“In a round bowl of water, waves move from the center 
to the rim, or from the rim to the center, depending on 
whether you strike at the center or at the rim.” So wrote 
Dante Alighieri 700 years ago In his great poem Paradiso 
(Canto 14), the last part of his famous 2/0ine Cormedy. Try 
this experiment and discuss yOur results. 


AM radio signals can usually be heard behind a hill, but 
EM often cannot. That 1s, AM signals bend more than FM. 
Explain. (Radio signals, as we shall see, are carried by elec- 
tromagnetic waves whose wavelength for AM 1s typically 
200 to 600 m and for FM about 3 m.) 


MisConceptual Questions 


1. 


A mass on a spring in SHM (Fig. 11-1) has amplitude A 
and period 7. At what poïnt in the motion 1s the velocity 
zero and the acceleration zero simultaneously? 

(a)x= A. 

(b)x> 0 but x< A. 

(c) x= 0. 

(đ)x < 0. 

(z) None of the above. 


„ An object oscillates back and forth on the end of a spring. 


Which of the following statements are true at some time 

during the course of the motion? 

(2) The object can have zero velocity and, simultaneously, 
nonZzero acceleration. 

(b) The object can have zero velocity and, simultaneously, 
zero accelerafion. 

(c) The object can have zero acceleration and, 
simultaneously, nonzero velocIty. 

(đ) The object can have nonzero velocity and nonzero 
acceleration simultaneousÌy. 


. An object of mass Ä⁄ oscillates on the end of a spring. To 


double the period, replace the objJect with one of mass: 
(a) 2M. 

(b) M2. 

(c) 4M. 

(4) M4. 

(c) None of the above. 


. An object of mass 7# rests on a frictionless surface and 1s 


attached to a horizontal ideal spring with spring constant k. 
The system oscillates with amplitude 4. The oscillation 
frequency of this system can be Increased by 

(a) decreasing &. 

(b) decreasing mm. 

(c) Increasing A. 

(đ) More than one of the above. 

(e) None of the above will work. 


5. 


'When you use the approximation sin Ø  Ø for a pendulum, 
you must specIfy the angle Ø in 

(a) radians only. 

(ð) degrees only. 

(c) revolutions or radians. 

(đ) degrees or radians. 


Suppose you pull a simple pendulum to one side by an 
angple of 5”, let go, and measure the period of oscillation 
that ensues. Then you stop the oscillation, pull the pendu- 
lum to an angle of 10”, and let go. The resulting oscillation 
wIll have a period about the period of the first 
oscillation. 

(a) four times 

(b) twice 

(c) half 

(đ) one-fourth 

(e) the same as 


Ata playground, two young children are on identical swinøs. 

One child appears to be about twice as heavy as the other. If 

you pull them back together the same distance and release 

them to start them swinging, what will you notice about 

the oscillations of the two children? 

(z) The heavier child swings with a period twice that of the 
lighter one. 

(5) The lighter child swings with a period twice that of the 
heavier one. 

(c) Both children swing with the same period. 


A grandfather clock 1s “losing” time because its pendulum 
moves too slowly. Assume that the pendulum 1s a massive 
bob at the end ofa string. The motion of this pendulum can 
be sped up by (list all that work): 

(a) shortening the string. 

() lengthening the string. 

(c) Increasing the mass of the bob. 

(đ) decreasing the mass of the bob. 
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MisConceptual Ouestions 


9. 


10. 


11. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Consider a wave traveling down a cord and the transverse 

motion of a small piece of the cord. Which of the following 

1S true? 

(4) The speed of the wave must be the same as the speed 
of a small piece of the cord. 

(b) The frequency of the wave must be the same as the 
frequency of a small piece of the cord. 

(c) The amplitude of the wave must be the same as the 
amplitude of a small piece of the cord. 

(đ) AlI of the above are true. 

(e) Both (0) and (c) are true. 

Two waves are traveling toward each other along a rope. 

'When they meet, the waves 

(4) pass through each other. 

(5) bounce off of each other. 

(c) disappear. 

'Which of the following Increases the speed of waves in a 

stretched elastic cord? (More than one answer may apply.) 

(4) Increasing the wave amplitude. 

(5) Increasing the wave frequency. 

(c) Increasing the wavelength. 

(đ) Stretching the elastic cord further. 


„ Consider a wave on a sfring moving to the right, as shown 


1n Fig. 11-50. What 1s the direction of the velocity of a 


. : IEER 
particle of string at point B? Wákc veloilf 


(@)> ¬ 
¬ 3® “À J8 
(c) FIGURE 11-50 

(4) ‡ MisConceptual Question 12. 


(e) Ý =0, so no direction. 


13. 


14. 


15. 


What happens when two waves, such as waves on a lake, 
come from different directions and run into each other? 
(a) They cancel each other out and disappear. 

(ð) If they are the same size, they cancel each other out 
and disappear. If one wave 1s larger than the other, the 
smaller one disappears and the larger one shrinks but 
confinues. 

(c) They get larger where they run into each other; then 
they continue In a direction between the direction of 
the two original waves and larger than either original 
Wave. 

(đ) They may have various patterns where they overlap, 
but each wave continues with 1s oripinal pattern away 
from the reglon of overlap. 

(e) Waves cannot run into each other; they always come 
from the same direction and so are parallel. 


A student attaches one end o£a Slinky to the top of a table. 
She holds the other end ¡in her hand, stretches it to a length É, 
and then moves it back and forth to send a wave down the 
Slinky. If she next moves her hand faster while keeping the 
length of the Slinky the same, how does the wavelength 
down the Slinky change? 

(4) It increases. 

(ð) It stays the same. 

(c) It decreases. 


A wave transportfs 

(a) energy but not matter. 
(5) matter but not energy. 
(c) both energy and matter. 


j Problems 


T1— 


1. 


“ 


Tá 
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1to 11-3 Simple Harmonic Motion 


(D Hf a particle underegoes SHM with amplitude 0.21 m, 
what 1s the total distance 1t travels in one period? 


. () The springs of a 1700-kg car compress 5.0 mm when i(s 


66-kg driver øets Into the driver”s seat. IÝ the car øOes OVer 
a bump, what wIll be the frequency of oscillations? Ignore 
damping. 

(II) An elastic cord is 61 em long when a weipht of 75N 
hangs from It but is 8Š cm long when a weight of210N hangs 
from It. What 1s the “spring” constant k of this elastic cord? 


. (H) Estimate the stiffness of the spring In a child's pogo 


stick 1ƒ the child has a mass of 32 kg and bounces once 
every 2.0 seconds. 


. (I) A fñisherman's scale stretches 3.6 cm when a 2.4-kg fish 


hangs from it. (2) What is the spring stiffness constant and 
(b) what will be the amplitude and frequency of oscillation 
1 the fish 1s pulled down 2.1 em more and released so that 
1t oscillates up and down? 

(II) A small fly of mass 0.22 g 1s caught in a spider”s web. 
The web oscillates predominantly with a frequency of 4.0 Hz. 
(a) What ¡s the value of the effective spring stiffness con- 
stant k for the web? (5) At what frequency would you expect 
the web to oscillate 1ƒ an Insect of mass 0.44 g were trapped? 


Oscillations and Waves 


7. 


ni 


(HI) A mass 7# at the end of a spring oscillates with a 
frequency of 0.83 Hz. When an additional 780-g mass 1s 
added to 7, the frequency 1s 0.60 Hz. What 1s the value 
ofm? 


(H) A vertical spring with spring stiffness constant 305 N/m 
oscillates with an amplitude of 28.0cm when 0.235 kg 
hangs from 1t. The mass passes through the equilibrium 
point (y = 0) with positive velocity at £ = 0. (2) What 
equation describes this motion as a function of time? 
(b) At what times will the spring be longest and shortest? 


(H) Eigure 11—51 shows two examples of SHM, labeled A 


and B. For each, what ¡s (2) the amplitude, (5) the fre- 
quency, and (c) the period? 


x(m) 


FIGURE 11-51 
Problem 9. 


19. (II) A balsa wood block of mass 52g floats on a lake, 


bobbing up and down at a frequency of 3.0 Hz. (z) What 
1s the value of the effective spring constant of the water? 
(b)A partially filled water bottle of mass 0.28 kg and almost 
the same s1ze and shape of the balsa block 1s tossed Into 
the water. At what frequency would you expect the bottle 
to bob up and down? Assume SHM. 


(II) At what displacement of a SHO ¡s the energy half 
kinetic and half potential? 


.‹ (T) An object of unknown mass 7 1s hung from a vertical 
spring of unknown spring constant k, and the object 1s 
observed to be at rest when the spring has stretched by 
14cm. The object 1s then given a slipght push upward and 
executes SHM. Determine the period 7 of this oscillation. 


. (H) A 1.65-kg mass stretches a vertical spring 0.215 m. If 
the spring 1s stretched an additional 0.130 m and released, 
how long does it take to reach the (new) equilibrium 
posItion again? 

(I) A 1.15-kg mass oscillates according to the equation 
x = 0.650 cos(8.40/) where x is in meters and f in seconds. 
Determine (2) the amplitude, (b) the frequency, (c) the 
total enersy, and (đ) the kinetic enerey and potential 
energy when x = 0.360m. 


qI) A 0.25-kg mass at the end of a spring oscillates 2.2 
times per second with an amplitude of 0.15 m. Determine 
(a) the speed when ït passes the equilibrium point, (5) the 
speed when it is 0.10m from equilibrium, (c) the total 
energy of the system, and (đ) the equation describing 
the motlon of the mass, assuming that at f = 0, x Wwas a 
maximum. 


. (H) lí takes a force of 91.0N to compress the spring of a 
toy popgun 0.175 m to “load” a 0.160-kg ball. With what 
speed will the ball leave the gun 1f fired horizontally? 


. (H) Ifone oscillation has 3.0 times the energy of a second 
one of equal frequency and mass, what is the ratio of their 
amplitudes? 

(I) A mass of 240 g oscillates on a horizontal frictionless 
surface at a Írequency of 2.5 Hz and with amplitude of 
4.5 cm. (4) What is the effective spring constant for this 
motion? (5) How much energy ïs involved ¡n this motion? 


. (H) A mass resting on a horizontal, frictionless surface is 
attached to one end of a spring; the other end ¡s fixed to 
a wall. It takes 3.6 J of work to compress the spring by 
0.13 m. TỶ the spring 1s compressed, and the mass is released 
Írom rest, It experlences a maximum acceleration of 
12 m/s”. Eind the value of (z) the spring constant and () the 
mass. 


. (H) An object with mass 2.7 kg is executing simple har- 
monic mofion, attached to a spring with spring constant 
k = 310N/m. When the object is 0.020m from its equi- 
librium position, it is moving with a speed of 0.55 m/s. 
(2) Calculate the amplitude of the motion. (b) Calculate 
the maximum speed attained by the obJect. 


(ID) At £ =0, an §§5-g mass at rest on the end of a hori- 
zontal spring (k = 184N/m) ¡s struck by a hammer which 
øives it an initial speed of 2.26 m/s. Determine (ø) the 
period and frequency of the motion, (5) the amplitude, 
(c) the maximum acceleration, (đ) the total energy, and 
(c) the kinetic energy when x = 0.40A where A ¡s the 
amplitude. 


"`. 


22. (II) Agent Arlene devised the followine method of 


measuring the muzzle velocity of a rifle (Fig. 11-52). She 
fires a bullet into a 4.148-kg wooden block resting on a 
smooth surface, and attached to a spring oŸ spring constant 
k = 162.7N/m. The bullet, whose mass is 7.870 ø, remains 
embedded In the wooden block. She measures the maximum 
đistance that the block compresses the spring to be 9.460 cm. 
'What 1s the speed ø of the bullet? 


FIGURE 11-52 Problem 22. 


. (HI) A bungee jumper with mass 65.0 kg jumps from a 


hipgh bridge. After arriving at his lowest point, he oscillates 
up and down, reaching a low point seven more times In 
43.0s. He finally comes to rest 25.0m below the level of 
the bridge. Estimate the spring stiffness constant and the 
unstretched length of the bungee cord assuming SHM. 


. (HJ A block of mass 7# is supported by two identical 


parallel vertical springs, each with spring stiffness con- 
stant k (Eig. 11-53). What will be the frequency of vertical 
oscillation? 


FIGURE 11-53 
Problem 24. 


. (HJ A 1.60-kg object oscillates at the end of a vertically 


hanging light spring once every 0.45 s. (z) Write down the 
equation giving Its position y (+ upward) as a function of 
time í. Assume the object started by being compressed 
16 cm from the equilibrium position (where y = 0), and 
released. (b) How long wIll it take to get to the equilibrium 
position for the first time? (c) What will be Its maximum 
speed? (đ) What will be the objects maximum accelera- 
tion, and where wIll it first be attained? 


(H) Consider two objects, A and B, both undergoing 
SHM, but with different frequencies, as described by the equa- 
tions xa = (2.0m) sin(4.0/) and xpg = (5.0m) sin(3.0/), 
where í is In seconds. After  = 0, find the next three 
times f at which both obJects simultaneously pass through 
the origin. 
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11-4 Simple Pendulum 


27. (IJ)A pendulum has a period of 1.85 s on Earth. What is its 
period on Mars, where the acceleration of øravity 1s about 
0.37 that on Earth? 


28. () How long must a simple pendulum be ïf 1t is to make 
exactly one swing per second? (That is, one complete oscil- 
lation takes exactly 2.0 s.) 


29. ()A pendulum makes 28 oscillations in exactly 50 s. What 
1s Ifs (2) period and () frequency? 


30. (ID What 1s the period of a simple pendulum 47 cm long 
(a) on the Earth, and (5) when it ¡s in a freely falling 
elevator? 


3Í. (II) Your grandfather clock's pendulum has a length of 
0.9930 m. Tf the clock runs slow and loses 21 s per day, how 
should you adjust the length of the pendulum? 


32. (II) Derive a formula for the maximum speed œmạy OŸ a 
sinple pendulum bob in terms of ø, the length #, and the 
maximum angle of swing 0max. 


33. (HI) A simple pendulum oscillates with an amplitude of 
10.0°. What fraction of the time does it spend between 
+5.0” and —5.0”2 Assume SHM. 


34. (HI) A clock pendulum oscillates at a frequency of 2.5 Hz. 
Atf = 0, 1t1s released from rest starting at an angle of 12° 
to the vertical. Ipgnoring friction, what will be the position 
(angle ¡in radians) of the pendulum at (2) f = 0.25s, 
(b)f = 1.60s, and (c) £ = 500 s? 


11-7 and 11-8 Waves 


35. ( A fisherman notices that wave cres(s pass the bow of 
his anchored boat every 3.0s. He measures the distance 
between two cresfs to be 7.0m. How fast are the waves 
traveling? 


36. ( A sound wave 1n air has a frequency of 282 Hz and 
travels with a speed of 343 m/s. How far apart are the wave 
crests (compressions)? 


37. (1) Calculate the speed of longitudinal waves In (2) water, 
(B) granite, and (c) steel. 


38. ( AM radio sipnals have frequencies between 550 KHz 
and 1600kHz (kilohertz) and travel with a speed of 
3.0 < 108 m/s. What are the wavelenpths of these signals? 
On EM the frequencles range from 88 MHz to 108S MH¿z 
(megahertz) and travel at the same speed. What are their 
wavelengths? 


39. (II) P and S waves from an earthquake travel at different 
speeds, and this difference helps locate the earthquake 
“epIcenter” (where the disturbance took place). (z) Assum- 
¡ng typical speeds of 8.5 km/s and 5.5 km/s for P and S 
waves, respectively, how far away diịd an earthquake 
OCcur 1 a particular seismic station detects the arrival of 
these two types of waves 1.5 min apart? () Is one seismic 
sfation sufficlent to determine the positIlon of the epIcenter? 
Explain. 


40. (II) A cord of mass 0.65 kg is stretched between two 
supports 8.0m apart. If the tension In the cord is 120N, 
how long wIll 1t take a pulse to travel from one support to 
the other? 
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4i. (II) A 0.40-kg cord is stretched between two supports, 
8.7m apart. When one support 1s struck by a hammer, 
a transverse wave travels down the cord and reaches the 
other support In 0.85 s. What 1s the tension In the cord? 

42. (II A sallor strikes the side of his ship Just below the 
surface of the sea. He hears the echo of the wave reflected 
from the ocean floor directly below 2.4 s later. How deep 
1s the ocean at this poInt? 

43. (II) Two children are sending signals along a cord of total 
mass 0.50 kg tied between tin cans with a tension of 35 Ñ. 
It takes the vibrations In the string 0.55 s to go from one 
child to the other. How far apart are the children? 


11-9 Energy Transported by Waves 


44. (II) What is the ratio of (2z) the intensities, and (b) the 
amplitudes, of an earthquake P wave passing throuph the 
Earth and detected at two points 15 km and 45 km from 
the source? 

45. (II) The intensity of an earthquake wave passing through 
the Earth is measured to be 3.0 x 106 J/m7-s at a distance 
of 54 km from the source. (2) What was Ifs intensity when 
1t passed a point only 1.0 km from the source? (b) At what 
rate đid enersy pass through an area of 2.0 mỶ at 1.0 km? 

46. (II) A bug on the surface of a pond is observed to move 
up and down a to(al vertical distance of 7.0 cm, from the 
lowest to the highest point, as a wave passes. If the ripples 
decrease to 4.5 cm, by what factor does the bug”s maxinum 
KE change? 

47. (II) Two earthquake waves of the same frequency travel 
throuph the same portion of the Earth, but one 1s carrying 
5.0 times the energy. What ¡1s the ratlo of the amplitudes 
Of the two waves? 


11-11 Interference 


48. (1 The two pulses shown in Fig. 11—54 are moving toward 
each other. (2) Sketch the shape of the string at the moment 
they directly overlap. (b) Sketch the shape of the string a 
few moments later. (c) In Fig. 11-37a, at the moment 
the pulses pass each other, the string 1s straight. What has 
happened to the energy at this moment? 


V 


———.- 


=m———— 


“ÔNG... 


FIGURE 11-54 Problem 48. 


11-12 Standing Waves; Resonance 


49. (1) If a violin string vibrates at 440 Hz as its fundamental 
frequency, what are the frequencles of the first four 
harmonics? 

50. (I) A violin string vibrates at 294 Hz when unfingered. At 
what frequency wIll it vibrate 1Ÿ 1t is fingered one-third of 
the way down from the end? (That is, only two-thirds of the 
string vibrates as a standing wave.) 

51. (DA particular string resonates in four loops at a frequency 
of 240 Hz. Give at least three other frequencies at which 
1t WIll resonate. What 1s each called? 

52. (II) The speed of waves on a string is 97m/s. If the fre- 
quency of standing waves Is 475 Hz, how far apart are twO 
adjacent nodes? 


53. (II) If two successive overtones of a vibrating string are 
280 Hz and 350 Hz, what 1s the frequency of the fundamental? 
54. (II) A guitar string is 92 cm long and has a mass of 3.4 g. 
The distance from the bridge to the support post 1s 
‡ = 62cm, and the string ¡is under a tension of 520N. 
What are the frequencies of the fundamental and first 
twO Overtones? *11— 


57. (II) When you slosh the water back and forth in a tub at 
Just the right frequency, the water alternately rises and 
falls at each end, remaining relatively calm at the center. 
Suppose the frequency to produce such a standing wave 
in a 75-cm-wide tub is 0.85 Hz. What ¡s the speed of the 
wafter wave? 


13 Refraction 


55. (II) One end of a horizontal string ¡is attached to a small- .... 58. (1) An carthquake P wave traveling at 8.0 km/s strikes a 


amplitude mechanical 60.0-Hz oscillator. The string”s mass 
per unit length is 3.5 < 10” kg/m. The string passes over a 
pulley, a distance £ = 1.50m away, and weiphts are hung 
from this end, Fig. 11—55. What mass 7: must be hung from 
this end of the string to produce (2) one loop, (ð) two loops, 
and (c) five loops of a standing wave? Assume the string 
at the oscillator 1s a node, which 1s nearly true. 


I 1.50m „ 


Oscillator 


FIGURE 11-55 Problems 55 and 56. 


. (H) In Problem 55 (Fig. 11-55), the leneth £ of the string may 
be adjusted by moving the pulley. If the hanging mass 7 1S 
fñixed at 0.080 kg, how many different standing wave patterns 
may be achieved by varying É between 10 cm and 1.5 m? 


boundary within the Earth between two kinds of material. 
TỶ it approaches the boundary at an incident angle of 44° 
and the angle of refraction is 33°, what 1s the speed In the 
second medium? 


. (H) A sound wave ¡s travelins in warm air when it hits a 


layer of cold, dense air. If the sound wave hits the cold alir 
Iinferface at an angle of 25”, what 1s the angle of refrac- 
tion? Assume that the cold air temperature is —15”C and 
the warm air temperature is +15°C. The speed of sound 
as a function of temperature can be approximated by 
ò = (331 + 0.607) m/s, where 7 is in °C. 


. (HI A longitudinal earthquake wave strikes a boundary 


between two types of rock at a 3§° angle. As the wave 
crosses the boundary, the specific gravity changes from 3.6 
to 2.5. Assuming that the elastic modulus 1s the same for 
both types of rock, determine the angle of refraction. 


*11-14 Diffraction 
. (H) What frequency of sound would have a wavelength the 


same s1ze as a 0.75-m-wide window? (The speed of sound 
is 344m/s at 20°C.) What frequencies would diffract 
throuph the window? 


 General Problems 


62. A 62-kg person jumps from a window to a fire net 20.0m 


directly below, which stretches the net 1.4m. Assume that 
the net behaves like a simple spring. (2) Calculate how much 1t 
would stretch 1f the same person were lying in it. (b) How 
much would 1t stretch 1ƒ the person Jumped from 38 m? 
An energy-absorbing car bumper has a spring constant of 
410 kN/m. Find the maximum compression of the bumper 
1ƒ the car, with mass 1300 kg, collides with a wall at a speed 
of 2.0 m/s (approximately 5 mi/h). 

. The length of a simple pendulum ¡s 0.72 m, the pendulum 
bob has a mass of295 ø, and 1t is released at an angle of 12” 
to the vertical. Assume SHM. (a) With what frequency 
does It oscillate? (b) What is the pendulum bobs speed 
when 1t passes throuph the lowest point of the swing? 
(c) What ¡is the total energy stored ïn this oscillation assum- 
1ng no losses? 

A block of mass ÄM is suspended from a ceiling by a spring 
with spring stiffness constant k. A penny oŸ mass 7 1S 
placed on top of the block. What is the maxinum amplitude 
of oscillations that wIll allow the penny to Just stay on top 
of the block? (Assume 7 << M.) 

A block with mass ÄM⁄ = 6.0kg resfs on a frictionless table 
and is attached by a horizontal spring (k = 130N/m) toa 
wall. A second block, of mass z = 1.25 kg, rests on top 
of M. The coefficilent of static friction between the two 
blocks 1s 0.30. What ¡1s the maximum possible amplitude 
Of oscillation such that  wIll not slip off M2 


67. A simple pendulum oscillates with frequency ƒ. What is Ifs 


frequency If the entire pendulum accelerates at 0.35 g 
(a) upward, and (5) downward? 


. A 0.650-kg mass oscillates according to the equation 


x = 0.25sin(4.707) where x is in meters and í is in seconds. 
Determine (2) the amplitude, (5) the frequency, (c) the 
period, (đ) the total energy, and (e) the kinetic energy and 
potential energy when x Is 15 cm. 


. An oxygen atom at a particular site within a DNA mole- 


cule can be made to execute sinple harmonic motion 
when 1lluminated by infrared lipht. The oxygen atom 1s 
bound with a spring-like chemical bond to a phosphorus 
atom, which 1s rigidly attached to the DNA backbone. 
The oscillation of the oxygen atom occurs with frequency 
ƒ = 3.7 x 10!3H¿z. If the oxygen atom at this site is chem- 
1cally replaced with a sulfur atom, the spring constant of 
the bond is unchanged (sulfur 1s just below oxygen In the 
Periodic Table). Predict the frequency after the sulfur 
substitution. 


. A rectangular block of wood floats in a calm lake. Show 


that, I friction 1s Ignored, when the block 1s pushed 
gently down Into the water and then released, 1t will then 
oscillate with SHM. Also, determine an equation for the 
force constant. 
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7i. A 320-kg wooden raft floats on a lake. When a 68-kg man 


stands on the raft, it sinks 3.5 cm deeper Into the water. 
'When he steps off, the raft oscillates for a while. (2) What 
1s the frequency of oscillation? (b) What is the total energy 
Of oscillation (ignoring damping)? 


72. A diving board oscillates with simple harmonic motlon of 


Írequency 2.8 cycles per second. What is the maxinum 
amplitude with which the end of the board can oscillate in 
order that a pebble placed there (Fig. 11—56) does not lose 
confact with the board during the oscillation? 


FIGURE 11-56 Problem 72. 


73. A 950-kg car strikes a huge spring at a speed of 25 m/s 


(Eig. 11-57), compressing the spring 4.0m. (2) What 1s 
the spring stiffness constant of the spring? (5) How long 
1s the car In contact with the spring before 1t bounces off 
1n the opposite direction? 


FIGURE 11-57 Problem 73. 


74. A mass attached to the end of a spring 1s síretched a 


distance xọ from equilibrium and released. At what dis- 
tance from equilibrium will it have (2) velocity equal to half 
1ts maximum velocity, and (b) acceleration equal to half its 
maximum acceleration? 


75. Carbon dioxide 1s a linear molecule. The carbon-oxygen 


bonds in this molecule act very much like springs. 
Figure 11—5§ shows one possible way the oxyøen atoms 
1n this molecule can oscillate: the oxygen atoms oscillate 
symmetrically in and out, while the central carbon atom 
remains at rest. Hence each oxygen atom acts like a simple 
harmonic oscillator with a mass equal to the mass of an 
oxygen afom. It 1s observed that this oscillation Occurs 
at a Írequency ƒ = 2.83 x 101Hz. What is the spring 
constant of the C—— O bond? 


@+-e-t-@ 


FIGURE 11-58 Problem 75, 
the CO; molecule. 


76. A mass 7 is gently placed on the end of a freely hanging 


spring. The mass then falls 27.0cm before It stops and 
begins to rise. What is the frequenecy of the oscillation? 


Oscillations and Waves 


77. Tall buildings are designed to sway ¡in the wind. In a 


100-km/h wind, suppose the top of a 110-story building 
oscillates horizontally with an amplitude of 15cm at 1s 
natural frequency, which corresponds to a period of 
7.0 s. Assuming SHM, find the maximum hor1zontal velociIty 
and acceleration experienced by an employee as she sIts 
working at her desk located on the top floor. Compare the 
maximum acceleration (as a percentage) with the accelera- 
tion due tO øravIty. 


78. When you walk with a cụp of coffee (diameter 8 em) at Just 


the right pace of about one step per second, the coffee 
sloshes higher and hipher In your cup until eventually it 
starfs to spIll over the top, Eig 11-59. Estimate the speed 
of the waves in the coffee. 


FIGURE 11-59 
Problem 78. 


79. A bug on the surface of a pond 1s observed to move up and 


80 


down a total vertical distance of 0.12 m, lowest to hiphest 
point, as a wave passes. (Z) What ¡s the amplitude of the 
wave? (P) If the amplitude increases to 0.16m, by what 
factor does the bugs maximum kinetic energy change? 

. An earthquake-produced surface wave can be approximated 
by a sinusoidal transverse wave. Assuming a frequency of 
0.60 Hz (typical of earthquakes, which actually include a 
mixture of frequencies), what amplitude is needed so that 
obljects begin to leave contact with the pround? [Himr: Set 
the acceleration z > g.] 


8Í. Two strings on a musical Instrument are tuned to play at 


82. 


83 


392 Hz (G) and 494 Hz (B). (z) What are the frequencies of 
the first two overtones for each string? (Õ) If the two strings 
have the same length and are under the same tension, what 
must be the ratio of their masses (mo /zmg)? (c) If the strings, 
1nstead, have the same mass per unit length and are under 
the same tension, what is the ratio of their lengths (fo/#g)? 
(đ) If their masses and lengths are the same, what must be 
the ratio of the tensions In the two strings? 

A string can have a “free” end ïf that end is attached to a 
ring that can slide without friction on a vertical pole 
(Eig. 11-60). Determine the wavelengths of the resonant 
vibrations of such a string with one end fixed and the other 
Íree. 


Free 
end 
Fixed 
end 
FIGURE 11-60 
Problem 82. t 
. The ripples In a certain øroove 10.2 cm from the center of a 


33 3-rpm phonograph record have a wavelength of 1.55 mm. 
'What will be the frequency of the sound emitted? 


84. A wave with a frequency of 180 Hz and a wavelength of 
10.0 cm ¡s traveling along a cord. The maximum speed of 
particles on the cord is the same as the wave speed. What 
1s the amplitude of the wave? 


85. Estimate the averaøe power ofa moving water wave that strikes 
the chest of an adult standing In the water at the seashore. 
Assume that the amplitude of the wave is 0.50 m, the wave- 
length 1s 2.5 m, and the period 1s 4.0 s. 


§6. A tsunami is a sort of pulse or “wave packet” consisting of 
several cres(s and troughs that become dramatically 
large as they enter shallow water at the shore. Suppose 
a tsunami of wavelength 235 km and velocity 550 km/h 
travels across the Pacific Ocean. As it approaches Hawall, 
people observe an unusual decrease of sea level in the 
harbors. Approximately how much time do they have to 
run to safety? (In the absence of knowledge and warning, 
people have died during tsunamis, some of them aftracted 
to the shore to see stranded fishes and boats.) 


#87. For any type of wave that reaches a boundary beyond which 
1{s speed 1s Increased, there 1s a maxiImum Incident angle 1f 
there 1s to be a transmitted refracted wave. This maximum 
incident angle Ø¡w corresponds to an angle of refraction 
equal to 90. If 6¡ > Ø;w„, all the wave 1s reflected at the 
boundary and none 1s refracted, because refraction would 
correspond to sin 0; > 1 (where Øy¡s the angle of refraction), 
which 1s Impossible. This phenomenon 1s referred to as 

total internal reƒflecton. (a) Find a formula 


for Ø¡w using the law of refraction, 
Eq. 11-20. (5) How far from the 
N bank should a trout fisherman 


22 stand (Hig. 11-61) so trout 
wonft be friphtened by his 
voice (1.8 m above the 
=)- ground)? The speed 
of sound is about 
343m/s in air and 
1440 m/s in water. 


FIGURE 11-61 Problem 87b. 


j Search and Learn 


1. Describe a procedure to measure the spring constant & of 
a Caf$s springs Assume that the owners manual 
øIves the car's mass M⁄ and that the shock absorbers are 
worn out so that the springs are underdamped. (See 
Sections 11-3 and 11-5.) 


2. A particular unbalanced wheel of a car shakes when the car 
moves at 90.0 km/h. The wheel plus tire has mass 17.0 kg 
and diameter 0.58§m. By how much will the springs of this 
car compress when it is loaded with 280 kg? (Assume the 
280 kg 1s split evenly among all four springs, which are iden- 
tical.) [Himr: Reread Sections 11—1, 11—3, 11—6, and 8-3.] 


3. Sometimes a car develops a pronounced rattle or vibration 
at a particular speed, especially 1Ÿ the road 1s hot enough 
that the tar between concrete slabs bumps up at regularly 
spaced Intervals. Reread Sections 11-5 and 11-6, and 
decide whether each of the following 1s a factor and, 1ƒ so, 
how: underdamping, overdamping, critical damping, and 
forced resonance. 


4. Destructive interference occurs where two overlapping 
waves are 3 wavelength or 180° out of phase. Explain why 
180° is equivalent to š wavelength. 


5. Estimate the effective spring constant of a trampoline. 
[Himr: Go and Jump, or watch, and give your data.] 


ANSWERS TO EXERCISES 
A: (0). 

B: (c). 

€: (2) Increases; (b) increases; (c) Increases. 

D: (c). 


6. A highway overpass was observed to resonate as one full 
loop (5A) when a small earthquake shook the ground verti- 
cally at 3.0 Hz. The highway department put a support at 
the center of the overpass, anchoring 1t to the ground as 
shown In Fig. 11-62. What resonant frequency would you 
now expect for the overpass? It is noted that earthquakes 
rarely do significant shaking above Š5 or 6Hz. Did the 
modifications do any øood? Explain. (See Section 11-3.) 


Before modification 


Added support 


After modification 
FIGURE 11-62 Search and Learn 6. 


E: (c). 
E: (4). 
G: (c). 
H: (4đ). 
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“If music be the food of physics, play on.” 
[Paraphrase of Shakespeare”s 7›0elfth Night, 
line 1.] 

Stringed Instruments depend on 
transverse standing waves on strings to produce 
their harmonious sounds. The sound of 
wind Instrumenits originafes in 
longitudinal standing waves of an aIr column. 
Percussion Instruments create more 
complicated standing waves. 

Besides examining sources of sound, we 
also study the decibel scale of sound level, 
sound wave Interference and beats, the 
Doppler effect, shock waves and sonic booms, 


and ultrasound imaging. 
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Sound 


CHAPTER-OPENING QUESTION—-Guess now! 
A planist plays the note “middle C.” The sound 1s made by the vibration of the 
plano string and ¡s propagated outward as a vibration of the air (which can reach 
your ear). How does the vibration on the strine compare to the vibration in the air? 
(a)_ The vibration on the string and the vibration 1n the air have the same wavelenpth. 
(b) They have the same frequency. 
(c) They have the same speed. 
(đ)  Neither wavelength, frequency, nor speed are the same 1n the air as on the string. 


ology of our ears and the psychology of our brain, which Interprets the 
sensatlons that reach our ears. The term sound also refers to the physical 
sensation that stimulates our ears: namely, longitudinal pressure waves. 

We can distinguish three aspects of any sound. First, there must be a source 
for a sound; as with any mechanical wave, the source of a sound wave 1s a vibrating 
oblect. Second, the energy 1s transferred from the source 1n the form of long1tu- 
dinal sound +0aes In a1r or other material. And third, the sound 1s đefecfed, usually 
by an ear or by a microphone. We start by looking at sound waves themselves. 


S ound 1s associated with our sense of hearing and, therefore, with the physi- 


12-1 Characteristics of Sound 


We saw In Chapter 11, Eig. 11-26, how a vibrating drumhead produces a sound 
wave 1m aIr. Indeed, we usually think of sound waves traveling mm the air, because 
normally 1t 1s the vibrations of the a1r that force our eardrums to vibrate. But sound 
waves can also travel in other materials. 

Two stones struck together under water can be heard by a swimmer beneath 
the surface, for the vibrations are carried to the ear by the water. When you put 
your ear flat against the ground, you can hear an approaching traIn or truck. In 
this case the ground does not actually touch your eardrum, but the longitudinal 
wave transmitted by the ground 1s called a sound wave Just the same, since 1s vibra- 
tions cause the outer ear and the air withm 1t to vibrate. Sound cannot travel in 
the absence of matter. For example, a belÏ ringing Inside an evacuated Jar cannot 
be heard, and sound cannot travel through the empty reaches 0Ÿ oufer space. 

The speed of sound ¡s different in different materials. In air at 0°C and 1 atm, 
sound travels at a speed of 331 m/s. The speed of sound in various materials is 
g1ven in Table 12—1. The values depend somewhat on temperature, especially for 
gases. For example, In alr near room temperature, the speed Increases appTOXI- 
mately 0.60 m/s for each Celsius degree increase in temperature: 


ò (331 + 0.607)m/s, [speed of sound ïn arr] 


where 7'is the temperature in °C. Unless stated otherwise, we wIll assume In this 
Chapter that 7 = 20°C, so ø = [331 + (0.60)(20)]m/s = 343 m/s. 


CONCEPTUAL EXAMIPLE 12-1 | Distance from a lightning strike. A rule 


of thumb that tells how close liphtning has struck 1s “one mile for every five seconds 
before the thunder 1s heard.” Explain why this works, noting that the speed of 
light is so high (3 x 10Ÿm/s, almost a million times faster than sound) that the 
time for light to travel to us 1s negligIble compared to the time for the sound. 


RBESPONSE The speed of sound ¡in air ¡is about 340m/s, so to travel 
1km = 1000m takes about 3 seconds. One mile 1s about 1.6 kilometers, so the 
time for the thunder to travel a mile is about (1.6)(3) 5 seconds. 


Two aspects oŸ any sound are Iimmediately evident to a human listener: 
“loudness” and “pitch.” Each refers to a sensation 1n the consciousness of the 
listener. But to each of these sub]ective sensaftions there corresponds a physIcally 
measurable quantity. Loudness ¡s related to the intensity (energy per unit time 
crossing unit area) in the sound wave, and we shall discuss it in the next Section. 

The pifch of a sound refers to whether 1t 1s hiph, like the sound oŸ a piccolo or 
violim, or low, like the sound of a bass drum or string bass. The physical quantity 
that determines pifch 1s the frequency, as was first noted by Galileo. The lower the 
frequency, the lower the pitch; the higher the frequency, the higher the pitch.Ï The 
best human ears can respond to frequencies from about 20 Hz to almost 20,000 Hz. 
(Recall that 1 Hz ¡s 1 cycle per second.) This frequency range ¡s called the audible range. 
These limifs vary somewhat from one 1ndividual to another. One general trend 1s 
that as people age, they are less able to hear high frequencies, so the high-frequency 
limit may be 10,000 Hz or less. 

Sound waves whose frequencIes are oufside the audible range may reach the 
ear, but we are not øenerally aware of them. Frequencies above 20,000 Hz are called 
ulfrasonie (do not confuse with suersonic, which 1s used for an object moving with 
a speed faster than the speed of sound). Many animals can hear ultrasonic frequen- 
cies; dogs, for example, can hear sounds as high as 50,000 Hz, and bats can detect 
frequencies as high as 100,000 Hz. Ultrasonic waves have many useful applications 
in medicine and other fields, which we wIll discuss later in this Chapter. 


TAlthough pitch is determined mainly by frequeney, it also đepends to a slight extent on loudness. For 
example, a very loud sound may seem slightly lower In pitch than a quiet sound of the same frequency. 


SECTION 12-1 


TABLE 12-1 Speed of 
Sound ïn Various Materials 
(20°C and 1atm) 


Material Speed (m/s) 
Air 343 
Air (0°C) 331 
Helium 1005 
Hydrogen 1300 
Water 1440 
Sea water 1560 
lron and steel 5000 
Glass 4500 
Aluminum 5100 
Hardwood 4000 
Concrete 3000 
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FIGURE 12-1 Example 12-2. Autofocusing camera emits an 
ultrasonic pulse. Solid lines represent the wave front of the 
outgoing wave pulse moving to the right; dashed lines represent 
the wave front of the pulse reflected off the person”s face, 
returning to the camera. The time between emission and 
reception by the camera of these waves allows the camera 
mechanism to adjust the lens to focus at the proper distance. 


| 


"HỆ 


Autofocusing with sound waves. Autofocusine cameras 
emit a pulse of very hiph frequency (ultrasonic) sound that travels to the object 
being photographed, and include a sensor that detects the returning reflected 
sound, as shownmn Fig. 12—1. To get an idea of the time sensifivity of the detector, 
calculate the travel time of the pulse for an object (z) 1.0m away, and (5) 20m away. 


APPROACH T we assume the temperature 1s about 20°C, then the speed of 
sound is 343 m/s. Using this speed œ and the total distance đ back and forth in 
each case, we can obtain the time (0 = đ/?). 


SOLUTION (a) The pulse travels 1.0 m to the object and 1.0 m back, for a total 
of2.0m. We solve forfin  = đ/f: 


LIẾP 
1 
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Ke7 se. =efð%s =7 
P hà) TY ÔN A8uiijg : x s = 5.8m§,. 
(b) The total distance now is 2 x 20m = 40m, so 
40m 
f = ~——— = 0.12s = 120ms. 
343 m/s ì ` 


NOTE Newer autofocus cameras use infrared light (ò = 3 x 10Ÿm/s) instead 
of ultrasound, and/or a digital sensor array that detects light intensity differ- 
ences between adjacent receptors as the lens 1s automafically moved back and 
forth, choosing the lens position that provides maximum Intensity differences 
(sharpest focus). 


Expansion Compression 
(pressure lower) (pressure higher) 


FIGURE 12-2 The membrane of a 
drum, as It vibrates, alternately 
compresses the aIr and, as it recedes 
(moves to the left), leaves a 
rarefaction or expansion oÝ air. See 
also Fig. 11—26. 


Drum ==m 
membrane Motion of a molecule 


FIGURE 12-3 Represenfation of We often describe a sound wave 1n terms of the vibration of the molecules of 
a sound wave in space at a given the medium 1n which 1t travels——that 1s, in terms of the motion or displacement 
Instant in terms of (a) displacement, of the molecules. Sound waves can also be analyzed from the point of view of 
and (b) pressure. pressure. Indeed, longitudinal waves are often called pressure waves. The pressure 
Eì variafion 1s usually easier to measure than the displacement. As Fig. 12—2 shows, 
Š in a wave “compression” (where molecules are closest toøgether), the pressure is 
ø 10.0005 hipher than normal, whereas in an expansion (or rarefaction) the pressure 1s less 
Ũ *(T) than normal. Eigure 12—3 shows a graphIical representation of a sound wave In aIr 
s -0.0005 Ị h : ỗ , : 
8, Ị Ị in terms of (a) displacement and (b) pressure. Note that the displacement wave is 
Ẵ Ị Ị a quarter wavelength out of phase with the pressure wave: where the pressure 1s a 
(a) Ị Ị maximum or mininum, the displacement from equilibrium 1s zero; and where the 
Ị Ị Dressure var1ation 1s zero, the displacement 1s a maxiImum or minimum. 
El Ị Ị Sound waves whose frequencies are below the audible range (that 1s, less than 
S 20 Hz) are called infrasonic. Sources of Infrasonic waves include earthquakes, 
Š_ 1.0000 x(cm)  thunder, volcanoes, and waves produced by vibratineg heavy machinery. This last 
á 0.9998 source can be particularly troublesome to workers, because Infrasonic waves—even 
& though Inaudible——can cause damage to the human body. These low-Írequency waves 
(b) act 1n a resonant fashion, causing motion and 1rritation of the body”s organs. 
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12-2 Intensity of Sound: Decibels 


Loudness 1s a sensation In the consciousness of a human being and 1s related to 
a physically measurable quantity, the intensify of the wave. Intensity 1s defined 
as the energy transported by a wave per unif time across a unit area perpendicular to 
the energy flow. As we saw in Chapter 11, intensity 1s proportional to the square of the 
wave amplitude. Intensity has units of power per unit area, or watts/meter? (W/m?). 

An average human ear can detect sounds with an Intensity as low as 
10”! W/mể and as high as 1 W/m (and even higher, although above this it is 
painful). Th¡s is an incredibly wide range of intensity, spanning a factor of 1012 
from lowest to hiphest. Presumably because of this wide range, what we perceIve 
as loudness 1s not directly proportional to the Intensity. To produce a sound that 
sounds about twice as loud requires a sound wave that has about 10 times the 
1nfensity. Thĩs 1s roughly valid at any sound level for frequencies near the middle 
of the audible range. For example, a sound wave of intensity 107W /m° sounds 
to an average human being like 1t 1s about twice as loud as one with Intensity of 
103 W/m', and four times as loud as 10 W/m. 


Sound Level 

Because of this relationship between the subJective sensation of loudness and the phys- 
1cally measurable quantity “intensity,” sound 1ntensity levels are usually specifed on a 
logarithmnc scale. The unit on this scale 1s a bel, after the inventor Alexander Graham 
Bell, or much more commonly, the decibel (dB), which is ¡p bel (10 đB = 1 bel).! The 
sound level, 68, of any sound 1s defined 1n terms 01t IntensIty, Ï, as 


B(ndB) = 10log ma (12-1) 
0 


where ? 1s the Intensity of a chosen reference level, and the logarithm 1s to the 
base 10. 71s usually taken as the minimum 1ntensity audible to a good ear—the 
“threshold of hearing,” which is 7; = 1.0 x 10!2W/m?. Thus, for example, 
the sound level of a sound whose intensity 7 = 1.0 x 10”!°W/mZ will be 


~10 2 
8 = 10 log( TÔ x — - 
1.0 x 10“W/m 

since log 100 1s equal to 2.0. (Appendix A has a brief review of logarithms.) 
Notice that the sound level at the threshold of hearing 1s 0dB. That 1s, 
6 = 101og 10 !”/10 12 = 10log 1 = 0 since log 1 = 0. Notice too that an increase 
1n Intensity by a factor of 10 corresponds to a sound level increase of 10 dB. An 
1ncrease 1n Intensity by a factor of 100 corresponds to a sound level increase of 
20 dB. Thus a 50-đB sound 1s 100 times more Intense than a 30-dB sound, and so on. 
Intensities and sound levels for some common sounds are listed in Table 12-2. 


EXAMPLE 12-3 | Sound intensity on the street. At a busy street corner, 
the sound level is 75 dB. What 1s the intensity of sound there? 
APPROACH We have to solve Eq. 12-1 for intensity !, remembering that 
l; = 10 x 10!W/m. 
SOLUTION From Edq. 12-1 


log— = _ 
%b 10 


= 10log100 = 20dB, 


Recalling that x = log y isthe sameas y = 10* (Appendix A-8), then 
+ = 10906 
0 


With 8 = 75, then 
ƒ = 1”? = (10X10W/m )]j10") = 32x10 W/m, 


The đB is dimensionless and so does not have to be included in calculations. 
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0 đB does not mean zero infensity 


TABLE 12-2 
Intensity of Various Sounds 
Sound 
Source Level Intensify 

of the Sound (dB) (W/m?) 
Jet plane at 30m 140 100 
Threshold ofpan 120 1 
Loud rock concert 120 1 
Siren at 30m 100 1 107 
Busy street traffic §0 1x10' 
Noisy restaurant 70 1x 107 
Talk, at 50 cm 65 3x10 
Quiet radio 40 1x10 
Whisper 30 1x 107 
Rustle of leaves 10 1x10! 
Thresholdofhearing 0 1x 10 
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Loudspeaker response. A hiph-quality loudspeaker 1s 
advertised to reproduce, at full volume, frequencies from 30 Hz to 18,000 Hz with 
uniform sound level + 3 dB. That is, over this frequency range, the sound level 
output does not vary by more than 3 dB for a given input level. By what factor 
does the Iintensity change for a 3 đB change in output level? 


APPROACH Let us call the average Intensity 7¡ and the average sound level đ;. 
Then the maximum Intensity, ï;, corresponds to a level 8; = 8¡ + 3dB. We 
then use the relation between Intensity and sound level, Eq. 12-1. 


SOLUTION Equation 12-1 gives 


b h 
Ba ~ Bì 10log —“ — 10log — 
b h 


T/ 
3dB = I0 Iog #Ẻ — los 7) = 10log-—ˆ 
0 lÑ 


because (log ø — logb) = log a/b, as điscussed in Appendix A~8. Thịs last equa- 
tion ø1ves 
l _— 0.30 
Og px“ 
OT 
5 
h 
So + 3 đB corresponds to a doubling or halving of the Intensity. 


NOTE From this last equation, we see also that log 2.0 = 0.30. See also the short 
Table of Logarithms1n Appendix A—8. 


=10'=<... 


EXERCISE A Tf an increase of 3 đB means “twice as intense,” what does an increase of 
6 dB mean? 


Itis worth noting that a sound-level difference of 3 dB (which corresponds to 
a doubled mntensity, as we just saw) corresponds to only a very small change In 
the sublJective sensatlon of apparent loudness. Indeed, the average human can 
distinguish a difference 1n sound level of only about 1 or 2 đB. 

Normally, the loudness or 1ntensity of a sound decreases as you get farther 
from the source of the sound. Indoors, this effect 1s altered because of reflections 
from the walls. However, 1Ÿ a source 1s in the open so that sound can radiate out 
freely In all directions, the Intensity decreases as the Inverse square of the distance, 

1 


Ï œ —: 
yễ 


as we saw In Section 11-9. Over large distances, the Intensity decreases faster 
than 1/zˆ because some of the energy is transferred into irregular motion of air 
molecules. This loss happens more for higher frequencies, so any sound of mixed 
frequencies wIll be less “brighft” at a distance. Ear from an outdoor band, you hear 
mainly the boom of the drums. 


CONCEPTUAL EXAMIPLE 12-5 | Trumpet players. A trumpeter plays at a 


sound level of 75 dB. Three equally loud trumpet players Join 1n. What 1s the new 
sound level? 


RESPONSE The intensity of four trumpets 1s four times the Intensity of one 
trumpet (= !¡) or 4!¡. The sound level of the four trumpets would be 


41, l 
B = 10log—— 10log 4 + 10log — 
hb 1b 


60dB + 75dB = S81dB, 
since log 4 = 0.60. 


EXERCISE B FErom Table 12-2, we see that ordinary conversation corresponds to a 
sound level of about 65dB. If two people are talking at once, the sound level 1s 
(a) 65 đB, (b) 68 dB, (c) 75 đB, (đ) 130 dB, (e) 62 dB. 


EXAMPLE 12-6 ' Airplane roar. The sound level measured 30 m from a Jet 
plane ¡s 140 dB. Estimate the sound level at 300 m. (Ignore reflections from the 
ground.) 


APPROACH Given the sound level, we can determine the intensity at 30 m using 
Edq. 12-1. Because intensity decreases as the square of the distance, 1gnoring 
reflections, we can find 7 at 300 m and again apply Eq. 12—1 to obtain the sound 
level. 


SOLUTION The intensity 7 at 30 m 1s 


140dB = I0ls| TC] 
10'2W/m? 


or, dividing through by 10, 


1 
14 = lo : 
l| 10g mà 
Recall that y = logx means 10” = x (Appendix A-8). Then 
{Ú!” = =_= 
10 '2W/m? 


so 7 = (101)(10!2W/m?) = 10? W/m°. At300m, 10 times as far, the intensity, 
which decreases as 1/72, will be ( = 1/100 as much, or 1 W/m”. Hence, the 
sound level 1s 

1 W/m? 
101?W/mZ 
Even at 300 m, the sound 1s at the threshold of pain. This 1s why woTkers af a1r- 
pOTfS Wear ear covers to protect their ears from damage (Fig. 12-4). 


B= I0leg| = 120dB. 


NOTE Here ¡s a simpler approach that avoids Eq. 12—1. Because the Intensity 
decreases as the square of the distance, at 10 times the distance the Intensity 
decreases by ( =ijp' We can use the result that 10đB corresponds to 
an Iintensity change by a factor of 10 (see just before Example 12-3). Then an 
1nfensity change by a factor of 100 corresponds to a sound-level change of 
(2)(0dB) = 20 dB. This confirms our result above: 140 dB — 20 dB = 120 dB. 


Intensity Related to Amplitude 

The Intensity ƒ ofa wave 1s proportional to the square of the wave amplitude, A, 
as we saw In Section 11-9. We can therefore relate the amplitude quantitatively 
to the Intensity 7 or sound level 6, as the following Example shows. 


EXAMPLE_ 12-7 | How tiny the displacement is. Calculate the displacement 
Of alr molecules for a sound of frequency 1000 Hz at the threshold of hearing. 
APPROACH In Section 11-9 we found a relation between intensity 7 and 
displacement amplitude 4 of a wave, Eq. 11-18. The amplitude of oscillation 
Of ar molecules 1s what we want to solve for, given the Intensity. Assume the 
temperature is 20°C so the speed of sound is 343 m/s. 

SOLUTION At the threshold of hearing, ï = 1.0 x 10ˆ!2W/mể (Table 12-2). 
We solve for the amplitude 4 in Eq. 11-18: 


1 ï 
A =—ulz— 
Zƒ \Ý 2p0 
1 1.0 x 102W/m? 
= = : = xa. ññ0 + 
(3.14)(1.0 x 10s?) Ý (2)(1.29 kg/m?)(343 m/s) 


where we have taken the density of air to be 1.29 kg/mỶ (Table 10-1). 


NOTE_ We see how incredibly sensitive the human ear 1s: it can detect displace- 
ments of air molecules which are less than the diameter of atoms (about 10”1?m). 
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FIGURE 12-4 Example 12~6. 
Airport worker with sound-intensity- 
reducing ear covers (headphone§). 
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*12—3 The Ear and Its Response; 


Loudness 


The human ear 1s a remarkably sensifive detector of sound. Mechanical detectors 
of sound (microphones) can barely match the ear in detecting low-intensity 
sounds. 

The function of the ear is to transform the vibrational energy of waves Into 
electrical sipnals which are carried to the brain by way of nerves. A microphone 
performs a similar task. Sound waves striking the diaphragm of a microphone set 
1 into vibration, and these vibrations are transformed I1nto an electrical signal 
(Chapter 21) with the same frequencies, which can then be amplified and sent to 
a loudspeaker or recorder. 

Figure 12-5 1s a diagram of the human ear. The ear consists of three main 
divisions: the outer ear, middle ear, and Iinner ear. In the oufter ear, sound waves 
from the oufside travel down the ear canal to the eardrum (the tympanum), which 
vibraftes 1n response to the impinging waves. The middle ear consists of three small 
bones known as the hammer, anvil, and stirrup, which transfer the vibrations of 
the eardrum to the inner ear at the oval window. This delicate system of levers, 
coupled with the relatively large area of the eardrum compared to the area of 
the oval window, results in the pressure being amplified by a factor of about 20. 
The Inner ear consists of the semicircular canals, which are Imporfant for control- 
ling balance, and the liquid-filled cochlea where the vibrational energy of sound 
waves IS transformed Into electrical energy and sent to the brain. 


Semicircular 
canals 


Auditory nerve 
(to brain) 


Cochlea 


Ear Tympanum 
canal (eardrum) 


Oval window 


FIGURE 12-5 Diasram of the human ear. 


*The Ear s Response 


The ear 1s not equally sensifive to all frequencles. To hear the same loudness for 
sounds of different frequencies requires different Intensities. Studies on large 
numbers of people have produced the averaged curves shown in Fig. 12—6 (top of 
next page). On this graph, each curve represenfs sounds that seemed to be equally 
loud. The number labeling each curve represents the loudness level (the units are 
called phons), which 1s numerically equal to the sound level in đB at 1000 Hz. For 
example, the curve labeled 40 represents sounds that are heard by an average 
person to have the same loudness as a 1000-Hz sound with a sound level of 40 dB. 
From this 40-phon curve, we see that a 100-Hz tone must be at a level of about 
62 đB to be perceived as loud as a 1000-Hz tone of only 40 dB. 
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Frequency (Hz) 
FIGURE 12-6 Sensitivity of the human ear as a function of 
frequency (see text). Note that the frequency scale 1s 
“logarithmic” 1n order to cover a wide range of frequencies. 


The lowest curve im Fig. 12-6 (labeled 0) represents the sound level, as a 
function of frequency, for the fhreshold öøƒ hearing, the softest sound that 1s Just 
audible by a very good ear. Note that the ear 1s most sensitive to sounds of fre- 
quency between 2000 and 4000 Hz, which are common 1n speech and music. Note 
too that whereas a 1000-Hz sound 1s audible at a level of 0đB, a 100-Hz sound 
must be nearly 40 đB to be heard. The top curve 1n Fig. 12—6, labeled 120 phons, 
represents the fhreshold oƒ pain. Sounds above this level can actually be felt and 
cause pain. 

Figure 12—6 shows that at lower sound levels, our ears are less sensifive to the 
hiph and low frequencies relative to middle frequencies. The “loudness” control 
on some sfereo systems 1s Intended to compensate for this low-volume 1nsensIfIvIty. 
As the volume 1s turned down, the loudness control boosts the high and low 
Írequencies relafive to the middle frequencies so that the sound will have a more 
“normal-sounding” frequency balance. Many listeners, however, find the sound 
more pleasing or natural without the loudness control. 


12-4 Sources of Sound: Vibrating 
Strings and Air Columns 


The source oŸ any sound 1s a vibrating objJect. Almost any object can vibrate and 
hence be a source of sound. We now discuss some simple sources 0Ÿ sound, partic- 
ularly musical nstruments. In musical Iinstruments, the source 1s set Into vibrafion 
by striking, plucking, bowing, or blowing. Standing waves are produced and the 
Source vibrates at 1ts natural resonant frequencies. The vibrating source 1s In contact 
with the arr (or other medium) and pushes on ïf to produce sound waves that travel 
outward. The frequencies of the waves are the same as those of the source, but 
the speed and wavelengths can be different. A drum has a stretched membrane 
that vibrates. Xylophones and marimbas have metal or wood bars that can be 
set into vibration. Bells, cymbals, and gongs also make use of a vibrating metal. 
Many Instruments make use of vibrating strings, such as the violin, guitar, and 
plano, or make use of vibrating columns of aIr, such as the flute, trumpet, and 
pIDe organ. We have already seen that the pitch of a pure sound 1s determined 
by the frequency. Typical frequencies for musical notes on the “equally tempered 
chromatic scale” are øiven 1n Table 12—3 for the ocfaue beginning with middle C. 
Note that one ocfave corresponds to a doubling of frequency. For example, middle C 
has frequency of262 Hz whereas C” (C above middle C) has twice that frequency, 
524 Hz. [Middle C 1s the C or “do” note at the middle of a piano keyboard.] 


TABLE 12-3 Equally 


Tempered Chromatic Scale” 


Erequency 
Note Name (Hz) 
C do 262 
C# or Db 277 
D Te 294 
DỶ or Eb 311 
E mi 330 
F fa 349 
FỶ or GÈ 370 
G sol 392 
G# or AP 415 
A la 440 
A# or Bb 466 
B tỉ 494 
C do 524 


ÏOnly one octave is included. 
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FIGURE 12-7 Standing waves 
on a string——only the lowest 
three frequencies are shown. 


đÒpHvysics APPLIED 
Stringed instruuimenfs 


FIGURE 12-8 The wavelength of 
(a) an unfingered string is longer 
than that of (b) a fingered string. 
Hence, the frequency of the fingered 
string 1s higher. Only one string 1s 
shown on this guitar, and only the 
simplest standing wave, the 
fundamental, 1s shown. 
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Fundamental or first harmonic, ƒ| 


Ê=Ä; 


First overtone or second harmonic, ƒ5 = 2ƒ| 


k 
W = >3 
Second overtone or third harmonic, ý = 3ƒ 


Stringed Instruments 


We saw In Chapter 11, Fig. 11—41, how standing waves are established on a string, 
and we show this again here In Eig. 12—7. Such standing waves are the basis for all 
stringed 1nstruments. The pitch is normally determined by the lowest resonant 
frequency, the fundament(al, which corresponds to nodes occurring only at the 
ends. The string vibrating up and down as a whole corresponds to a half wave- 
length as shown at the top of Hg. 12—7; so the wavelength of the fundamental on 
the string 1s equal to twice the length £ of the string. Therefore, the fundamental 
frequeney is ƒ¡ = ø/À = 0/2, where 0 is the velocity of the wave on the string 
(mnor in the air). The possible frequencies for standing waves on a stretched string 
are whole-number multiples of the fundamental frequency: 


bì 
lị = nh — ~} ÿÉ. = 1,2,3,--- 

(just as in Eq. 11—19b), where z = 1 refers to the fundamental and ứ = 2, 3,--- are 

the overtones. All of the standing waves, ø = 1,2,3, ---, are called harmonicsÏ”, 


as we saw 1n Section 11—12. 

'When a ñnger 1s placed on the string of a guitar or violin, the effective length 
Of the vibrating string 1s shortened. So 1ts fundamental frequency, and pitch, 1s 
higher since the wavelength of the fundamental is shorter (Fig. 12—8). The strings 
on a guitar or violin are all the same length. They sound at a different pitch 
because the strings have different mass per unit length, „ = 7/, which affects 
the velocity on the string, Eq. 11—13, 


Ð = WFrju. [stretched string] 


Thus the velocity on a heavier string 1s lower and the frequency will be lower for 
the same wavelength. The tension #+ also has an effect: indeed, adJusting the ten- 
sion 1s the means for tuning the pitch of each string. In pianos and harps the strings 
are of different lengths. For the lower notes the strings are not only longer, but 
heavier as well, and the reason 1s illustrated in the following Example. 


Piano strings. The highest key on a piano corresponds to a 
frequency about 150 times that of the lowest key. If the string for the hiphest note 
1s 5.0 cm long, how long would the string for the lowest note have to be 1 it had 
the same mass per unit length and was under the same tension? 


APPROACH Since % = W/F¡/, the velocity would be the same on each 
string. So the frequency is Inversely proportional to the length £ of the string 
(ƒ = %/À = 9/29. 

SOLUTION_We can write, for the fundamental frequencies of each string, the ratio 


t/ẾN = tư, 


where the subscripts L and H refer to the lowest and highest nofes, respectfively. 
Thus 1 = f(fñ¿/ƒ,) = (5.0 cm)(150) = 750cm, or 7.5m. This would be ridic- 
ulously long (25 ft) for a piano. 


NOTE The longer strings of lower frequency are made heavier (hipher mass per 
unit length), so even on grand pianos the strings are less than 3 m long. 


TWhen the resonant frequencies above the fundamental (that is, the overtones) are integral multiples of 
the fundamental, as here, they are called harmonics. But If the overtones are not integral multiples 
of the fundamental, as is the case for a vibrating drumhead, for example, they are not harmonIcs. 


| EXERGISE € How many octaves does the piano of Example 12-8 cover? 


Frequencies and wavelengths ïn the violin. A 0.32-m-long 
violin string 1s tuned to play A above middle C at 440 Hz. (z) What is the wave- 
length of the fundamental string vibration, and (b) what are the frequency and 
wavelenpth of the sound wave produced? (c) Why ïs there a difference? 


APPROACH The wavelength of the fundamental string vibration equals twice 
the length of the string (Fig. 12-7). As the string vibrates, it pushes on the air, 
which 1s thus forced to oscillate at the same frequency as the string. 
SOLUTION (a) From Fig. 12—7 the wavelength of the fundamental is 

À = 2ƒ = 2(032m) = 0.64m = 64cm. 
Thịs 1s the wavelength of the standing wave on the string. 
(b) The sound wave that travels outward ïn the aïr (to reach our ears) has the 
same frequency, 440 Hz. Its wavelength 1s 


Đ 343 m/s 
3 = 078m = 78cm, 
ƒ  440Hz m = 


where 0 Is the speed of sound In air (assumed at 20°C), Section 12-1. 


(c) The wavelength of the sound wave 1s different from that of the standing wave 
on the string because the speed of sound ïn aïr (343 m/s at 20°C) ¡s different 
from the speed of the wave on the string (= ƒÀ = 440 Hz x 0.64m = 280 m/s) 
which depends on the tension 1n the string and 1ts mass per umit length. 


NOTE The frequencies on the string and in the aïir are the same: the string and 
a1r are In confact, and the string “forces” the alr to vibrate at the same Íre- 
quency. But the wavelengths are different because the wave speed on the string 
1s different than that in air. 


EXERCISE D Return to the Chapter-Opening Question, page 328, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Stringed instruments would not be very loud 1f they relied on their vibrating 
strmgs to produce the sound waves since the strimgs are too thin to compress and 
expand much arr. Stringed instruments therefore make use of a kind of mechanical 
amplifier known as a sowunding board (piano) or sounding box (guitar, violin), whích 
acfs to amplify the sound by putting a øreafter surface area 1n contact with the air 
(Eig. 12-9). When the strings are set Into vibration, the sounding board or box Is set 
1nfo vibration as well. Since 1t has much greater area in contact with the air, 1t can 
produce a more Intense sound wave. Ôn an electric guitar, the sounding box 1s nof 
SO Important since the vibrations of the strings are amplified electronically. 


Wind Instruments 


Instruments such as woodwinds, the brasses, and the pipe organ produce sound 
from the vibrations of standing waves in a column of air within a tube (Hg. 12-10). 
Standing waves can occur 1n the air of any cavity, including the human throat, but 
the frequencies presenf are complicated for any but very simple shapes such as the 
uniform, narrow tube of a flute or an organ pIpe. Ïn some 1nstruments, a vibrating 
reed or the vibrating lip of the player helps to set up vibrations of the a1r column. In 
others, a stream of arr 1s directed against one edge of the opening or mouthpIece, 
leading to turbulence which sets up the vibrations. Because of the disturbance, 
whatever 1{s source, the alr withim the tube vibrates with a varlety of frequencies, 
but only frequencIes that correspond to standing waves wIll persIst. 

For a string fixed at both ends, Fig. 12—7, the standing waves have nodes (no 
movement) at the two ends, and one or more antinodes (large amplitude of vibration) 
1n between. A node separafes successive antinodes. The lowest-frequency standing 
wave, the fundamermral, corresponds to a single antinode. The higher-frequency 
standing waves are called overfones or harmonics, as we saw in Section 11-12. 
Specifically, the first harmonic is the fundamental, the second harmonic (= Íirst 
overtone) has twice the frequency of the fundamental, and so on. 


` 
| 
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(b) 


FIGURE 12-9 (a) Piano, showing 
sounding board to which strings are 
attached; (b) sounding box (guitar). 


FIGURE 12-10 Wind instruments: 
flute (Ieft) and clarinet. 


SECTION12-4 337 


(a)_ Displacement oÝ alr 
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TUBE OPEN AT BOTH ENDS 
(b)  Pressure variation in the air 


Ẳ node 
antinode 
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FIGURE 12-11 Graphs of the 
three simplest modes of vibration 
(standing waves) for a uniform tube 
open at both ends (“open tube”). 
These simplest modes of vibration 
are graphed In (a), on the left, in 
terms of the motion of the air 
(displacement), and in (b), on the 
ripht, In terms O0 alr pressure. Each 
graph shows the wave format at two 
times, A and B, a half period apart. 
The actual motion of molecules for 
one case, the fundamental, 1s shown 
Jjust below the tube at top left. 
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> Overtones < 
Third harmonic 


3 


The situation 1s similar for a column Of aïr In a tube of uniform diameter, but 
we must remember that 1t 1s now arr 1(self that 1s vibrating. We can describe the 
waves either 1n terms of the flow of the alr——that 1s, In terms of the đisplacememt 
Of alr—or In terms of the pressure In the aIr (see Figs. 12—2 and 12-3). In terms of 
displacement, the air at the closed end of a tube 1s a displacement node since the 
a1r 1S not free to move there, whereas near the open end of a tube there will be 
an antinode because the air can move freely in and out. The air within the tube 
vibrafes 1n the form of longitudinal standing waves. A few of the possible modes 
Of vibration for a tube open at both ends (called an open tube) are shown graphI- 
cally in Eig. 12—11. Possible vibration modes for a tube that 1s open at one end but 
closed at the other (called a closed tube) are shown ïn Fig. 12—12. [A tube closed 
at both ends, having no connection to the outside air, would be useless as an 
instrument.] The graphs In part (a) of each Figure (left-hand sides) represent the 
displacement amplitude of the vibrating air in the tube. Note that these are graphs, 
and that the air molecules themselves oscillate horizonfally, parallel to the tube 
length, as shown by the small arrows in the top diagram of Fig. 12—11a (on the 
left). The exact position of the antinode near the open end of a tube depends on 
the diameter of the tube, but 1ƒ the diameter 1s small compared to the length, 
which is the usual case, the antinode occurs very close to the end as shown.” We 
assume this 1s the case in what follows. (The position of the antinode may also 
depend slightly on the wavelength and other factors.) 

Let us look in detail at the open tube, in Eig. 12—-11a, which might be an 
Organ pipe or a flute. An open tube has displacement antinodes at both ends 
since the atr 1s free to move at open ends. There must be at least one node within 
an open tube 1f there 1s to be a standing wave at all. A single node corresponds to 
the fundamemial frequency of the tube. Since the distance between fwo successive 
nodes, or between fwo successive antinodes, 1s 3À, there Is one-half of a wave- 
length within the length of the tube for the simplest case of the fundamental (top 
diagram in FEig. 12-11a): ? = ÿÀ, or À = 2/. So the fundamental frequency is 
f = 0/À = 0/2, where 0 is the velocity of sound ïn aïr (the air in the tube). The 
standing wave with two nodes 1s the ƒfirsf ouertone OT second harmonic and has 
half the wavelength ( = À) and twice the frequency of the fundamental. Indeed, 
1n a uniform tube open at both ends, the frequency of each overtone 1s an Integral 
multiple of the fundamental frequency, as shown in Fig. 12—11a. Thịs 1s Just what 
1S found for a string. 


“The diameter Ð of a tube does affect the node at the open end of a tube. The end correction can be 
rouephly approximated as adding 2/3 to £to give us an effective length for the tube in calculations. 


TUBE CLOSED AT ONE END 


(a) Displacement of alr (b)  Pressure variation in the alr 
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For a closed tube, shown In Eig. 12—12a, which could be an organ pipe, there 
Is always a displacement node at the closed end (because the aïr is not free to 
move) and an antinode at the open end (where the air can move freely). Since the 
distance between a node and the nearest antinode is ¿À, we see that the funda- 
mental in a closed tube corresponds to only one-fourth of a wavelength within the 
length of the tube:  = À/4, and À = 4ƒ. The fundamental frequency ¡s thus 
fì = 0/4, or half that for an open pipe of the same length. There is another 
difference, for as we can see from Eig. 12—12a, only the odd harmonIcs are present 
1n a closed tube: the overtones have frequencies equal to 3, 5, 7, --- times the 
fundamental frequency. There 1s no way for waves with 2, 4, 6, --: times the funda- 
mental frequency to have a node at one end and an antinode at the other, and 
thus they cannot exist as standing waves In a closed tube. 

Another way to analyze the vibrations in a uniform tube 1s to consider a 
đescription In terms of the pressure In the air, shown In part (b) of Figs. 12—11 and 
12-12 (right-hand sides). Where the aIr in a wave 1s compressed, the pressure 1s 
hipher, whereas In a wave expansion (or rarefaction), the pressure is less than normal. 
The open end of a tube 1s open to the atmosphere. Hence the pressure variation 
at an open end must be a ođe: the pressure does not alternate, but remains at 
the outside atmospheric pressure. If a tube has a closed end, the pressure at that 
closed end can readily alternate to be above or below atmospheric pressure. 
Hence there 1s a pressure aiode at a closed end ofa tube. There can be pressure nodes 
and antinodes within the tube. Some of the possible vibrational modes In terms of 
pressure are shown in Hg. 12—11b for an open tube, and m Hig. 12—12b for a closed tube. 


EXAMPLE 12-10 | Organ pipes. What will be the fundamenrfal frequency and 
ñrst three overtones for a 26-cm-long organ pipe at 20°C 1Ÿ 1t 1s (2) open, (b) closed? 
APPROACH AII our calculations can be based on Figs. 12—11a and 12—12a. 
SOLUTION (a) For the open pipe, Eig. 12—11a, the fundamental frequency 1s 

Đ 343 m/s 
= = = 660Hz. 
h= 2p 2(0.26 m) 


The speed 0 is the speed of sound in aïr (the air vibrating in the pipe). The over- 
tones include all harmonics: 1320 Hz, 1980 Hz, 2640 Hz, and so on. 
(b) For a closed pIpe, Fig. 12—12a, the fundamental frequency 1s 
Đ 343 m/s 
h = 4(0.26 m) 
Only odd harmonIcs are present: the first three overtones are 990 Hz, 1650 Hz, 
and 2310 Hz. 


NOTE The closed pipe plays 330 Hz, which, from Table 12-3, is E above middle C, 
whereas the open pipe of the same length plays 660 Hz, an octave higher. 


= 330 Hz. 
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FIGURE 12-12 Modes of vibration 
(standing waves) for a tube closed at 
one end (*closed tube”). See caption 


for Eig. 12-11. 
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Antinode 


Node 


FIGURE 12-13 Example 12-12. 


FIGURE 12-14 The amplitudes of the 
fundamental and first two overtones 
are added at each point to get the 
“sum,” or composite waveform. 


Sum oŸ all three 
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Pipe organs use both open and closed pipes, with lengths from a few cenfimeters 
to 5m or more. A flute acts as an open tube, for it is open not only where you blow 
1nfo 1, but 1s open also at the opposite end. The different notes on a flute are 
obtained by shortening the length of the vibrating air column, by uncovering holes 
along the tube (so a displacement antinode can occur at the hole). The shorter 
the length of the vibrating air column, the higher the fundamental frequency. 


Flute. A flute ¡s designed to play middle C (262 Hz) as the 
fundamental frequency when all the holes are covered. Approximately how long 
should the distance be from the mouthpiece to the far end of the flute? (This 1s 
only approximate since the antinode does not occur precisely at the mouthpIece. ) 
Assume the temperature 1s 20°C. 


APPROACH When all holes are covered, the length of the vibrating arr column 
1s the full length. The speed of sound ín aïr at 20°C is 343 m/s. Because a flute is 
open at both ends, we use Eig. 12—11: the fundamental frequency ƒ¡ 1s related 
to the length £ of the vibrating air column by ƒ = 0/21. 

SOLUTION Solving for £, we find 
ø — 343m/s 


ĐC 2(262 s ') 


=_ 0.655m. 


EXERCISE E To see why players of wind instrumentfs “warm up” their Instruments (so 
they will be in tune), determine the fundamental frequency of the flute of Example 12-11 
when all holes are covered and the temperature 1s 10”C instead o£20°C. 


EXAMPLE 12-12 . ESTIMATE | Wind noise frequencies. Wind can be noisy—— 
1t can “howÏl” m trees; 1t can “moan” 1n chimneys. What 1s causing the no1se, and 


about what range of frequencies would you expect to hear? 


APPROACH Gusts of air in the wind cause vibrations or oscillations of the tree 
limb (or air column In the chimney), which produce sound waves of the same 
frequency. The end of a tree limb fixed to the tree trunk 1s a node, whereas the 
other end Is free to move and therefore 1s an antinode; the tree limb is thus about 
1À (Eig. 12-13). 

SOLUTION We estimate » + 4000m/s for the speed of sound in wood 
(Table 12—1). Suppose that a tree limb has length É ~ 2m; then À = 4 = 8m 
and ƒ = /À = (4000 m/s)/(8m) + 500 Hz. 

NOTE_ Wind can excite air oscillatlons in a chimney, much like in an organ pIpe 
or flute. A chimney 1s a fairly long tube, perhaps 3 m 1n length, acting like a tube 
open at either one end or even both ends. If open at both ends (À = 20), with 
ò  340m/s, we find ƒ¡ + 0/2f x 57Hz, which ¡is a fairly low note—no 
wonder chimneys “moan”! 


*12—5_ Quality of Sound, and Noise; 


Superposition 


Whenever we hear a sound, particularly a musical sound, we are aware oÝ 1fs 
loudness, 1ts pitch, and also of a third aspect called “quality.” For example, when a 
piano and then a flute play a note of the same loudness and pitch (say, middle C), 
there 1s a clear difference 1n the overall sound. We would never mistake a piano 
for a flute. Thịs 1s what 1s meant by the quality of a sound. For musical Instruments, 
the terms /bre and fone color are also used. 

Just as loudness and pitch can be related to physically measurable quantifies, 
so foo can quality. The quality of a sound depends on the presence of overtones—— 
their number and therr relative amplitudes. Generally, when a note 1s played on a 
musical instrument, the fundamental as welÏ as overtones are present simultaneously. 
Figure 12-14 illustrates how the principle oƒsuperposition (Secton 11—11) applies 
to three wave forms, in this case the fundamental and first two overtones (with 
particular amplitudes): they add together at each point to ø1ve a composite waveform. 


By “waveform” we mean the shape of the wave In space at a g1Iven moment. Nor- 
mally, more than two overtones are present. [Any complex wave can be analyzed 
1nfo a superposition of sinusoidal waves of appropriate amplitudes, wavelengths, 
and frequencies. Such an analysis 1s called a Fourier analysis.] 

The relative amplitudes of the overtones for a given note are different for 
đifferent musical instruments, which 1s what g1ves each instrument Its characterIstIc 
quality or timbre. A bar graph showing the relative amplitudes of the harmonIcs 
for a given note produced by an Instrument 1s called a sound spectrưmn. Several 
typical examples for different musical Instrumenfs are shown 1n Fig. 12-15. The 
fundamental usually has the greatest amplitude, and 1ts frequency 1s what 1s heard 
as the pitch. 
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The manner 1n which an Instrument 1s played strongly Influences the sound 
quality. Plucking a violin string, for example, makes a very different sound than 
pulling a bow across it. The sound spectrum at the very start (or end) of a note (as 
when a hammer strikes a piano string) can be very different from the subsequent 
sustained tone. This too affects the subJective tone quality of an Instrument. 

An ordinary sound, like that made by striking two stones together, 1s a noIse 
that has a certain quality, but a clear pi(ch 1s not discernible. Such a noIse 1s a 
mixture of many frequencIes which bear httle relation to one another. A sound 
spectrum made of that noise would not show discrete lines like those of Eig. 12—15. 
Instead it would show a continuous, or nearÌy confinuous, spectrum of frequencies. 
Such a sound we call “noise” in comparison with the more harmonious sounds 
which contain frequencIes that are sinple multiples of the fundamental. 


12-6 Interference of Sound Waves; 
Beats 


Interference in Space 


We saw In Section 11—11 that when two waves simultaneously pass through the 
same region of space, they Interfere with one another. Interference also OCCurs 
with sound waves. 

Consider two large loudspeakers, A and B, a distance đ apart on the stage of 
an auditorium as shown 1n Fig. 12—16. Let us assume the two speakers are emIit- 
ting sound waves of the same single frequency and that they are 1n phase: that 1s, 
when one speaker Is forming a compression, so ¡s the other. (We ignore reflections 
from walls, floor, etc.) The curved lines in the diagram represent the crests of 
sound waves from each speaker at one 1nstant in time. We must remember that 
for a sound wave, a crest 1s a compression 1n the air whereas a trough—which 
falls between two crests—Is a rarefaction. A human ear or detector at a poInt 
such as C, which is the same distance from each speaker, will experience a loud 
sound because the interference wIll be construcfive——two cresfs reach 1t at one 
moment, two troughs reach 1t a moment later. On the other hand, at a point 
such as D In the diagram, litfle 1ƒ any sound wIll be heard because destructive 
1nferference occurs——compTressions of one wave meet rarefactions of the other 
and vice versa (see Fig. 11-38 and the related discussion on water waves in 
Section 11-11). 


FIGURE 12-15 Sound spectra for 
different Instruments. The spectra 
change when the instruments play 
different notes. The clarinet 1s a bit 
complicated: 1t acts like a closed tube 
at lower frequencies, having only odd 
harmonics, but at higher frequencies 
all harmonIcs occur as for an open tube. 


FIGURE 12-16 Sound waves from 
two loudspeakers Interfere. 
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(a) 


FIGURE 12-17 Sound waves of a 
sinple frequency from loudspeakers 
A and B (see Fig. 12-16) 
construcfively Interfere at C and 
destructively interfere at D. [Shown 
here are graphical represenftations, 
not the actual longitudinal sound 
waves.] 
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An analysis of this situation 1s perhaps clearer 1Ÿ we graphically represent 
the waveforms as In Fig. 12-17. In Fig. 12-17a it can be seen that at point C, 
consfructive 1nterference occurs because both waves simultaneously have crests Or 
simultaneously have troughs when they arrive at C. In Eig. 12—17b we see that, to 
reach pomt D, the wave from speaker B must travel a preater distance than the wave 
from A. Thus the wave from B lags behind that from A. In this diasram, point E 1s 
chosen so that the distance ED 1s equal to AD. Thus we see that 1f the distance BE 
1S equal to precisely one-half the wavelength of the sound, the two waves will be 
exacfly out of phase when they reach D, and destrucfive Interference OcCurs. 
Thịs then 1s the criterion for determining at what points destrucfive 1nterference 
OCcurs: destructive Inferference occurs at any point whose distance from one 
speaker 1s one-half wavelength greater than 1s distance from the other speaker. 
Notice that If this extra distance (BE in Fig. 12—17b) is equal to a whole wave- 
lenpth (or 2, 3, --: wavelengths), then the two waves will be in phase and 
constructibe inferference occurs. If the đistance BE equals ÿ, 12, 2, --- wave- 
lengths, đesfrucHe inferƒ€rece OCCUTS. 

]t 1s Immportant to realize that a person sifting at point D in Hlg. 12-16 or 
12~17 hears nothing at all (or nearly so), yet sound 1s coming from both speakers. 
Indeed, 1f one of the speakers 1s turned off, the sound from the other speaker will 
be clearly heard. 

lf a loudspeaker emifs a whole range of frequencies, only specific wavelengths 
wIll destructively Interfere completely at a ø1ven pomt. 


Loudspeakers” interference. Two loudspeakers are 1.00m 
apart. A person stands 4.00 m from one speaker. How far should this person be 
from the second speaker to detect destructive 1nterference when the speakers 
emit an 1150-Hz sound? Assume the temperature 1s 20°C. 


APPROACH To sense destructive Iinterference, the person should be one-half 
wavelenpgth closer to or farther from one speaker than from the other—that 1s, 
ata distance = 4.00m + À/2. We can determine À because we know and 0. 


SOLUTION The speed of sound at 20°C ¡s 343 m/s, so the wavelength of this 
sound ¡s (Eq. 11-12) 


xà ' 
ƒ 


343 
1"... Ẻ... 
1150 Hz 


For destructive Interference to occur, the person must be one-half wavelength 
farther from one loudspeaker than from the other, or 0.15m. Thus the person 
must be 3.85 m or 4.15 m from the second speaker. 


NOTE TỶ the speakers are less than 0.15 m apart, there wiIll be no location that 
1s 0.15 m farther from one speaker than the other, and there will be no place 
where desfrucfive interference could occur. 


Beats—Interference In Time 


We have been discussing Interference of sound waves that takes place In space. 
An Interesting and important example of interference that occurs 1n time 1s the 
phenomenon known as beafs: 1Ÿ two sources of sound—say, two tuning forks—— 
are close 1n frequency but not exactly the same, sound waves from the twO sOurces 
1nferfere with each other. The sound level at a g1ven position alternately rIses and 
falls in time, because the two waves are sometimes 1n phase and sometimes out of 
phase due to therr different wavelengths. The regularly spaced Intensity changes 
are called beats. 


FIGURE 12-18 Beats occur as 
a result of the superposition 
Of two sound waves of 

sliphtly different frequenecy. 


~ beat period (0.10 s) 


To see how beafs arise, consider two equal-amplitude sound waves of frequency 
ƒaA = 50Hz and ƒp; = 60 Hz, respectively. In 1.00 s, the first source makes 50 vibra- 
tions whereas the second makes 60. We now examine the waves at one point in 
space equidistant from the two sources. The waveforms for each wave as a function 
Of time, at a fixed position, are shown on the top graph of Hg. 12—18; the red line 
represents the 50-Hz wave, and the blue line represents the 60-Hz wave. The 
lower graph In Eig. 12—18 shows the sum of the two waves as a function of time. At 
time / = 0 the two waves are shown to be In phase and Interfere construcfively. 
Because the tfwo waves vibrate at different rates, at time / = 0.05s they are 
completely out of phase and interfere destructively. At £ = 0.10 s, they are again 
1n phase and the resultant amplitude again 1s large. Thus the resultant amplitude 
1S large every 0.10 s and drops drastically in between. Thĩs rising and falling of the 
intensity is what is heard as beats.” In this case the beats are 0.10 s apart. That is, 
the beat frequency 1s ten per second, or 10 Hz. Thịs result, that the beat frequency 
equals the difference in frequency of the two waves, 1s valid in general. 

The phenomenon of beats can occur with any kind of wave and 1s a Very @® PHYSICS APPLIED 
Sensitive method for comparing frequencies. For example, to tune a piano, a piano Tuning a piano 
tuner listens for beats produced between hs standard tuning fork and the frequency 
Of a particular string on the piano, and knows If 1s In tune when the beats disappear. 
The members of an orchestra tune up by listening for beats between their Instru- 
menfs and the frequency of a standard tone (usually A above middle C at 440 Hz) 
produced by a piano or an oboe. Humans hear the Individual beats 1f they are only 
a few per second. For higher beat frequencies, they run together and up to about 
20 Hz or so you hear an Intensity modulation (a wavering between loud and soft); 
above 20 Hz you hear a separafe low tone (audible 1f the tones are strong enough). 


Beats. A tuning fork produces a s(eady 400-Hz tone. When 
this tuning fork 1s struck and held near a vibrafing guitar string, twenty beats 
are counted in five seconds. What are the possible frequencies produccd by the 
guitar string? 


APPROACH For beats to occur, the string must vibrate at a frequency different 
from 400 Hz by whatever the beat frequency 1s. 


SOLUTION The beat frequency 1s 
đạc = 20vibrations/5s = 4Hz. 
Thịs 1s the difference of the frequencies of the two waves. Because one Wave 1s 


known to be 400 Hz, the other must be either 404 Hz or 396 Hz. 


TBeats will be heard even ïf the amplitudes are not equal, as long as the đifference in amplitude ¡s 
nof great. 
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FIGURE 12-20 Determination of 
the frequency shift in the Doppler 
effect (see text). The red dot is the 
SOUTC€. 


Source «> 


(a) Source fixed 


Crest emitted 
when source 
was at point Ï. 


Next crest emitted 
when source 
was at point 2. 


1 X:ðiie6 2 , 
— ° — A———~ 


d, Đ T7 


SOUTC€ ˆˆ “SOUrce 


(b) Source moving 
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12-7 Doppler Effect 


You may have noticed that you hear the pitch of the siren on a speeding fire truck 
drop abruptly as 1t passes you. r you may have noticed the change in pitch of a 
blaring horn on a fast-moving car as 1t passes by you. The pitch of the engine 
TIOIS€ OŸ a race car changes as the car passes an observer. When a source oŸ sound 
1S moving toward an observer, the pItch the observer hears 1s higher than when 
the source 1s at rest; and when the source 1s traveling away from the observer, the 
pitch is lower. This phenomenon is known as the Doppler effectÏ and occurs for 
all types of waves. Let us now see why 1t occurs, and calculate the difference 
between the perceived and source sound frequencies when there 1s relative mofion 
between source and observer. 


.| Í uy Ì. 


(a) At rest 


-sạgea | || |) | 


(b) Eire truck moving 
FIGURE 12-19 (a) Both observers on the sidewalk hear the same 
frequency from the fire truck at rest. (b) Doppler effect: observer 
toward whom the fire truck moves hears a hipher-frequency sound, 
and observer behind the fire truck hears a lower-frequency sound. 


Consider the siren of a fire truck at rest, which 1s emitting sound of a partic- 
ular frequency In all directions as shown 1n Eig. 12-19a. The sound waves are 
moving at the speed of sound 1n alr, nạ, which 1s ndependent of the velocity of 
the source or observer. If our source, the fire truck, 1s moving, the siren emits sound 
at the same frequency as 1t does at rest. But the sound wavefronfts 1t emifs forward, 
1n Íront of 1t, are closer together than when the fire truck 1s at rest, as shown 1n 
Fig. 12—19b. Thịs 1s because the fñire truck, as 1t moves, 1s partly “catching up” to the 
previousÌy emitted wavefronts, and emits each crest closer to the previous one. Ihus an 
observer on the sidewalk m front of the truck wIll detect more wave cresfs passing 
per second, so the frequency heard 1s hipher. The wavefronts emitted behind the 
truck, on the other hand, are farther apart than when the truck 1s at rest because 
the truck 1s speeding away from them. Each new wavefront emitted 1s farther from 
the preceding one than when the truck 1s at rest. Hence, fewer wave crests per second 
pass by an observer behind the moving truck (Fig. 12-19b) and the perceived 
pIích 1s lower. 

We can calculate the frequency shift by making use of Fig. 12-20. We assume 
the atr (or other medium) Is at rest in our reference frame. We consider first the sta- 
tionary observer off to the right m Eig. 12—19. In Eig. 12—20a, the source of the sound 
1s shown as a red dot, and 1s at rest. TWwo successive wave cresfs are shown, the 
second of which has Just been emitted and 1s still near the source. The distance 
between these cresfs 1s À, the wavelength. If the frequency of the source 1s ƒ, 
then the time between emissions oŸ Wave cresfS 1S 


1 À 
7 snd 


In Eig. 12-20b, the source 1s moving with a velocItY 2source toward the Observer. 


TAfter J. C. Doppler (1803-1853). 


In a time 7 (just defined), the first wave crest has moved a distance đ = „q7 = À, 
where ¿nạ 1s the velocity of the sound wave 1n air (which 1s the same whether 
the source 1s moving or not). In this same time, the source has moved a distance 
€$suree  Đsourc Ÿ. Then the distance between successive wave crests, which 1s the 
wavelenpth À“ the observer on the ripht will perce1ve, 1s 


Ñ =“j= l Ghiyag 
À— Đgsource Ï 
À 


= À source 
›snd 


Km A| 1 mi : 
Đ›snd 


We subtract À from both sides of this equation and find that the shift in wave- 
length, AÀ, 1s 


AA=^À/ Ý = A Tsourcc, 
Đsnd 


So the shift in wavelength 1s directly proportional to the source speed 3;ou;cc. The 
frequency ƒ“ that will be perceived by our stationary observer on the ground 1s 
given by (Eq. 11-12) 


f = Đsnd ¬ “šsnd : 
À' AI ¬ "Ă 
Đsnd 
Because œ¿na/À = ƒ, then 
ƒ SOurce moving toward (12-2a) 
sfationary observer 


/ ụ — mm) 
Đsnd 
Because the denominator 1s less than 1, the observed frequency ƒ“ 1s hipher than 
the source frequency £ That1s, ƒ' > ƒ. For example, 1ƒ a source emifs a sound of 
frequency 400 Hz when at rest, then when the source moves toward a fixed 
observer with a speed of 30 m/s, the observer hears a frequency (at 20°C) of 
400 Hz 


hầ= = 43SHz. 
ƒ 30 m/s ⁄ 


_ 343m/s 


Now consider a source moving a0ay from a staflonary observer at a 
speed ;ouree (observer on the left in Eig. 12—19). Using the same areuments as above, 
the wavelength À“ perceived by our observer will have the minus sign on đ;ource 
(ñrst equation on this page) changed to plus: 


Ñ =j đgouroe 


L2) 
= lI tự mu) 
snd 


The difference between the observed and emitted wavelengths wIll be 
AÀ=À -À= +À(Đsouree/Đạna)- The observed frequency of the wave 1s 
ƒ! = Đ„a/À', whích equals 


Ƒ = tủ : bê mnoving away from 
source Sfatlonary Oobserver 
1a 6 
›snd 


Tf a source emitting at 400 Hz is moving away from a fixed observer at 30 m/s, the 
observer hears a frequency ƒ“ = (400 Hz)/[1 + (30 m/s)/(343 m/s)| = 368 Hz. 


| (12-2b) 
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FIGURE 12-21 Observer moving 
with speed eps toward a stationary Observer 
Source detects wave crests passing Source ï 3: = 
atspeed 0 = snq + ops where 1 vê 0 Ÿ Ỷ AZ^ˆ. - mm 

: SOUTC€ —” snd 
snd 1S the speed of the sound 
Waves In aIr. 


The Doppler effect also occurs when the source 1s at rest and the observer 1s 
1n mofion. Ifthe observer 1s traveling fo+ard the source, the pitch heard 1s higher 
than that of the emitted source frequency. If the observer 1s traveling +0ay from 
the source, the pitch heard 1s lower. Quantitatively the change In frequency 1s 
different than for the case of a moving source. With a fixed source and a moving 
observer, the distance between wave crests, the wavelength À, 1s not changed. 
But the velocity of the crests with respect to the observer ¡s changed. lf the 
observer 1s moving toward the source, Fig. 12-21, the speed ø“ of the waves rel- 
afive to the observer 1s a simple addition of velocIfes: øˆ = ¿na + eps, where 
Đạng 1s the velocity of sound In air (we assume the arr 1s stll) and 0p; 1s the velocity 
Of the observer. Hence, the frequency heard 1s 


f = Dã = Đẹng TT Đobs - 
À À 
Because À = 2¿na/ƒ, then 
f (Đẹna + Đotg}ƒ 
Đsnd 
OT 
" : 
#72 obs # Observer moving toward (12-3a) 
Đẹnd StafiOnary source 


If the observer Is moving away from the source, the relative velocIty 1s 
ØẺ= Đsng — ops; 5O 


be v_ — Đobs observer moving away 
Ƒ= ụ nh )f ' lên Statlonary ạ SEN) 


A moving siren. The siren of a police car at rest emifs at a 
predominant frequency of 1600 Hz. What frequency will you hear 1Ý you are at 
rest and the police car moves at 25.0 m/s (2) toward you, and (b) away from you? 
APPROACH The observer ¡is fixed, and the source moves, so we use Eqs. 12-2. 
The frequency you (the observer) hear is the emitted frequency ƒ divided by 
the factor (1 S0 tycg/' na) where Øsouree 1S the speed of the police car. se the 
minus sign when the car moves toward you (giving a hipher frequency); use the 
plus sign when the car moves away from you (lower frequency). 


SOLUTION (a) The car is moving toward you, so (Eq. 12—2a) 
ƒ 1600 Hz 


= = = 1726Hz + 1730 Hz. 
J ụ — _a ụ —— Tung 
›snd 343 m/s 
(b) The car 1s moving away from you, so (Eq. 12-2b) 
1600H 
f'= / = “—— = 1491Hz  1490Hz. 
1 source 25.0 m/s 
+ 1+. 
Đsng 343 m/s 


EXERCISE F Suppose the police car of Example 12—15 1s at rest and emits at 1600 Hz. 
What frequency would you hear If you were moving at 25.0m/s (2) toward it, and 
(ð) away from 1t? 
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'When a sound wave 1s reflected from a moving obstacle, the frequency of the 
reflected wave will, because of the Doppler effect, be different from that of the inci- 
dent wave. This 1s 1llustrated in the following Example. 


Two Doppler shifts. A 5000-Hz sound wave is emitted 
by a stationary source. This sound wave reflects from an object moving 3.50 m/s 
toward the source (Fig. 12-22). What ¡s the frequency of the wave reflected by 
the moving oblect as detected by a detector at rest near the source? 


APPROACH There are actually two Doppler shifts in this situation. Eirst, the 
moving obJect acts like an observer moving toward the source with speed 
9ops = 3.50m/s (Fig. 12-22a) and so “detects” a sound wave of frequency 
(Eq. 12-3a) ƒ' = f1 + (Đebs/2aaa)]. Second, reflection of the wave from the 
moving obJect 1s equivalent to the object reemitting the wave at the same 
Írequency, and thus acting effectively as a moving source with speed 
Đsouce = 3.50m/s (Fig. 12-22b). The final frequency detected, ƒ”, is given by 
"` = #⁄ - [long Đuối |E, Eq. 12-2a. 

SOLUTION The frequency ƒˆ that 1s “detected” by the moving object 1s 
(Eq. 12-3a): 


Đọops 3.50 m/s 
r = |1+_——= = |l1+——_—— |(5400Hz) = 5051 H¿z. 
ƒ l TỊÌ l 343 m/s Ì 2 Í 


The moving object now “emifs” (reflects) a sound of frequency (Edq. 12-2a) 
tài — 5051 Hz 
1 — Phowee l= 3.50 m/s 
Đsnd 343 m/s 
Thus the frequency shifts by 103 Hz. 


NOTE Bats use this technique to be aware of their surroundings. Thĩs is also the 
principle behind Doppler radar as speed-measuring devices for vehicles, baseball 
pItches, tenn1s serves, storms such as tornadoes, and other obJects. 


= 5103 H¿. 


Ị” = 


The emitted wave and the reflected wave In Example 12-16, when mixed 
together (say, electronically), Interfere with one another and beats are produced. 
The beat frequency 1s equal to the difference 1n the two frequencies, 103 Hz. Thịs 
Doppler technique 1s used In a variety of medical applications, usually with ultra- 
Sonic waves In the megahertz frequency range. For example, uÏtrasonic waves 
reflected from red blood cells can be used to determine the velocity of blood flow. 
Similarly, the technique can be used to detect the movement of the chest of a young 
fetus and to monifor 1s heartbeat. 

For convenience, we can write Eqs. 12-2 and 12-3 as a single equation that 
covers all cases of both source and observer in motion: 


f Đạnd + Đobs Source and 
' observer moving 


| (12-4) 


Đ›snd + source 


To get the signs right, recall from your own experience that the frequency 1s 
hipher when observer and source approach each other, and lower when they move 
apart. Thus the upper signs in numerator and denominator apply 1ƒ source and/or 
observer move toward each other; the lower signs apply 1f they are moving apart. 


EXERCISE G How fast would a source have to approach an observer at rest for the 
observed frequency to be one octave above the produced frequency (frequency doubled)? 
(a) 2 Đạng , (b) ng › (c) 2Đ;na , (4) ÂĐ;na , 


Object 
Originadl Wave 
sỉ J | |< 
Source 'veloCIty, Yöbs 


3.50 m/s 
(a) 
ObjJect 
SOurce Wave 
and @ : = 
detector | velocity You 


` \ 3.50 m/s 


(b) 
FIGURE 12-22 Example 12-16. 
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Doppler blood-flot meter 
and other medical uses 


Œetting the signs right 
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Doppler Effect for Light 


The Doppler effect occurs for waves other than sound. Light and other types 

@® PHYSICS APPLIED ofelectromagnetic waves (such as for radar) exhibit the Doppler effect: although 
Doppler effeci for EM +uaues the formulas for the frequency shift are not i1dentical to Eqs. 12-2 and 12-3, 
and t0eatherorecastE the effect is similar (see Chapter 33). One ¡important application is for 
weather forecasting using radar. The time delay between the emission of a radar 

pulse and 1s reception after being reflected off raindrops gives the position of 

precipitation. Measuring the Doppler shift in frequency (as in Example 12-16) 

tells how fast the storm 1s moving and in which direction. “ Radar guns” used by police 

work similarly, measuring a car”s speed by the Doppler shift of electromagnetic waves. 

PHYSICS APPLIED Another Important application 1s to astronomy, where the velocities of galaxIes 
/Redshift im coszrolosy can be estimated from the Doppler shift. Light from distant galaxies 1s shifted 
toward lower frequencies, Indicating that the galaxies are moving away from us. 

Thịs 1s called the redshift since red has the lowest frequency of visible light. The 

øreater the frequency shift, the greater the velocity of recession. It is found that 

the farther the galaxies are from us, the faster they move away. This observation 

1s the basis for the Idea that the universe 1s expanding, and 1s one basis for the idea 

that the universe had a beginning affectionately called the “Big Bang” (Chapter 33). 


*12—8 Shock Waves and the Sonic Boom 


An obJject such as an airplane traveling faster than the speed of sound 1s said to 
have a supersonic speed. Such a speed is often given as a Mach” number, which is 
defned as the ratio of the speed of the object to the speed of sound in the sur- 
rounding medium. For example, a plane traveling 600 m/s hiph in the atmosphere, 
where the speed of sound ¡s only 300 m/s, has a speed of Mach 2. 


6) (ð (9 


(a) Đobj = 0 (b) Đọobj (c) Đobj — Đsnd 


FIGURE 12-23 Sound waves emitted bu an “_ (a) at rest or (b, c, and d) moving. 
(b) If the object's velocity 1s less than the velocity of sound, the Doppler effect occurs. 
(C) AT ®obj = Đang, the waves pile up in front, forming a “sound barrier.” (d) If the 
objects velocIty 1s greater than the velocity of sound, a shock wave 1s produced. 


(d) Đobj > Đsng 


FIGURE 12-24 Bow waves When a source of sound moves at subsonic speeds (less than the speed of 
produced by ko là a boat, ĐẦU a duck. sound), the pitch of the sound ¡s altered as we have seen (the Doppler effect); see 

Z7 also Figs. 12—-23a and b. But 1Ÿ a source of sound moves faster than the speed of 
sound, a more dramatic effect known as a shock wave occurs. In this case, the 
Source 1s actually “outrunning” the waves 1t produces. As shown In Hg. 12—23c, 
when the source 1s traveling z the speed of sound, the wave Ífronts it emits in the 
forward direction “pile up” directly in front of 1t. When the obJect moves faster, af 
a supersonic speed, the wave fronts pile up on one another along the sides, as shown 
in Fig. 12-23d. The different wave crests overlap one another and form a single 
very large crest which 1s the shock wave. Behind this very large crest there 1s 
usually a very large trough. A shock wave 1s essentially the result oŸ constructive 
Iinterference of a large number of wave fronts. A shock wave In aïr is analogous 
to the bow wave of a boat traveling faster than the speed of the water waves 1f 
produeces, Eig. 12-24. 


TA ffer the Austrian physicist Ernst Mach (183§~1916). 
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(a) (b) 


FIGURE 12-25 (a) The (double) sonic boom has already been heard by person A on the left. 

The front shock wave 1s just being heard by person B in the center. And both will shortly be heard 
by person C on the right. (b) Special photo of supersonic aircraft showing shock waves produced 
1n the air. (Several closely spaced shock waves are produced by different parts of the aircraft.) 


'When an airplane travels at supersonic speeds, øreater than the speed of sound 
1n the arr, the noise 1t makes and 1s disturbance of the a1r form into a shock wave con- 
taining a tremendous amount of sound energy. When the shock wave passes a listener, 
1t 1s heard as a loud sonic boom. À sonic boom lasts only a fraction of a second, but the @® PHYSICS APPLIED 
©nergy If confains 1s sometimes sufficient to break windows and cause other damage. Sonic boom 
Actually, a sonic boom 1s made up oftwo or more booms since maJor shock waves 
can form at the front and the rear of the aircraft (Eig. 12-25), as well as at the wings 
and other parts. Bow waves of a boat are also multiple, as can be seen in Hig. 12—24a. 
'When an aircraft accelerates toward the speed of sound, 1t encounters a barrler 
Of sound waves In front of 1t (see Eig. 12—23c). To exceed the speed of sound, the 
alrcraft needs extra thrust to pass through this sound barrier. This 1s called 
“breaking the sound barrler.” Once a supersonic speed 1s attained, this barrler no 
longer impedes the mofion. Ít is sometimes erroneously thought that a sonic boom 
1s produced only at the moment an aircraft 1s breaking throuph the sound barrier. 
Actually, a shock wave follows the aircraft at all times it 1s traveling at supersonic 
speeds. A series of observers on the ground will each hear a loud “boom” as the 
shock wave passes, Fig. 12-25. The shock wave consIsts of a cone whose apex 1s af 
the aircraft. The angle of this cone, Ø (see Eig. 12-23d), is given by 


Đsngd 
obj 


sinØ = , (12-5) 


where ?œ¿ạ¡ 1s the velocity of the object (the aircraft) and œnq is the velocity of 
sound in the medium (arr for an airplane). 


*12—-9_ Applications: Sonar, LIltrasound, 
and Medical Imaging 


*Sonar 
The reflection of sound 1s used in many applications to determine distance. The @® PHYSICS APPLIED 
sonar” or pulse-echo technique ¡s used to locate underwater objects. A transmitter Sonar: depth finding, Earth 
sends out a sound pulse through the water, and a detector receives 1fs reflection, soundings 


or echo, a short time later. This time Interval 1s carefully measured, and from 1t 
the distance to the reflecting obJect can be determined since the speed of sound 
1n water 1s known. The depth of the sea and the location of reefs, sunken shIps, sub- 
marines, or schools of fish can be determined m this way. The Inferior structure Of 
the Earth 1s studied in a similar way by detecting reflections of waves traveling 
through the Earth whose source was a deliberate explosion (called “soundings”). 
An analysis of waves reflected from various structures and boundaries within the 
Earth reveals characteristic patterns that are also useful in the exploration for oil 
and minerals. (ađar used at airports to track aircraft involves a similar pulse-echo 
technique except that It uses electromagnetic (EM) waves, which, like visible light, 
travel with a speed of 3 x 10Ÿm/s.) 


ÏSonar stands for “sound zavigation ranging.” 
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FIGURE 12-26 Ultrasound image 
of a human fetus within the uterus. 


€@ÒPnvsics APPLIED 
DUltirasound medical imaging 


FIGURE 12-27 (a) Ultrasound pulse 
passes through the abdomen, Abdominal 
reflecting from surfaces In 1s path. 
(b) Reflected pulses plotted as a 
function of time when received by 
transducer. The vertical dashed lines 
point out which reflected pulse goes 
with which surface. (c) “Dot display” 
for the same echoes: briphtness of 
each dot is related to signal strength. 
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Sonar generally makes use of uÏfrasonic frequencies: that 1s, sound waves whose 
frequencies are above 20 kHz, beyond the range of human detection. For sonar, 
the frequencies are typically in the range 20 kHz to 100 kHz. One reason for using 
ultrasound waves, other than the fact that they are Inaudible, 1s that for shorter 
wavelengths there 1s less diffraction (Section 11—14) so the beam spreads less and 
smaller obJects can be detected. 


* Ultrasound Medical Imaging 


The diagnostic use of ultrasound in medicine, in the form of images (sometimes 
called sonograms), 1s an Important and interesting application of physical princI- 
ples. A pulse-echo technique 1s used, much like sonar, except that the frequenclies 
used are in the range of 1 to 10 MHz (1 MHz = 10 Hz). A high-frequency sound 
pulse 1s directed into the body, and 1ts reflections from boundaries or Interfaces 
between organs and other structures and lesions in the body are then detected. 
Tumors and other abnormail growths, or pockets of fluid, can be distinguished; 
the action of heart valves and the development of a fetus (Eig. 12-26) can be exam- 
Iined; and information about various organs of the body, such as the brain, heart, 
liver, and kidneys, can be obfained. Although ultrasound does not replace X-rays, for 
certain kinds of diagnosis 1t is more helpful. Some kinds of tissue or fluid are not 
đetected in X-ray photographs, but ultrasound waves are reflected from their bound- 
aries. “Real-time” ultrasound images are like a movie of a section of the InferIor 
of the body. 

The pulse-echo technique for medical imaging works as follows. A brief 
pulse of ultrasound 1s emitted by a transducer that transforms an electrical 
pulse into a sound-wave pulse. Part of the pulse 1s reflected as echoes at each 
Iinterface in the body, and most of the pulse (usually) continues on, Fig. 12-27a. 
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The detection of reflected pulses by the same transducer can then be displayed on 
the screen of a display monitor. The time elapsed from when the pulse 1s 
emitted to when each reflection (echo) 1s received 1s proportional to the distance 
to the reflecting surface. For example, 1f the distance from the transducer to the 
vertebra 1s 25 cm, the pulse travels a round-trip distance of 2 x 25cm = 0.50m. 
The speed of sound in human tissue ¡is about 1540 m/s (close to that of sea wafter), 
so the time taken 1s 


Đệ đ — (050m) _ W5 
Đ (1540 m/s) lu 


The sfrength of a reflected pulse depends mainly on the difference in density 
Of the two materials on either side of the Interface and can be displayed as a pulse 
or as a dot (Eigs. 12—27b and c). Each echo dot (Fig. 12—27c) can be represented 
as a point whose position 1s øg1ven by the time delay and whose brightness depends 
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FIGURE 12-28 (a) Ten traces are made across 
the abdomen by moving the transducer, or by 
using an array of transducers. (b) The echoes 
from interfaces or boundaries (of organs) are 
plotted as dots to produce the Image. More 
closely spaced traces would øive a more 
detailed Image. 


on the strength of the echo. A two-dimensional image can then be formed out of 
these dofs from a series of scans. The transducer 1s moved, or an array oÝ trans- 
ducers 1s used, each of which sends out a pulse at each posiftion and receives echoes 
as shown In Eig. 12-28a. Each trace can be plotted, spaced appropriately one 
below the other, to form an Image on a monifor screen as shown in Fig. 12—28b. 
Only 10 lines are shown In Eig. 12-28, so the Image 1s crude. More lines give a 


TOF€ PT€CIS€ Image. 


 Summary 


Sound travels as a longitudinal wave In atr and other materials. 
In air, the speed of sound Increases with temperature. At 20°C, 
1t is about 343 m/s. 

The piích of a sound ¡s determined by the frequency; the 
hipher the frequency, the higher the pitch. 

The audible range of frequencles for humans 1s roughly 
20 Hz to 20,000 Hz (1 Hz = 1 cycle per second). 

The loudness or intensify of a sound 1s related to the 
amplitude squared of the wave. Because the human ear can detect 
sound intensities from 10”!2W/mỸ to over 1W/m, sound 
levels are specifled on a logarithmic scale. The sound level Ø, 
specified in decibels, is defined In terms Of Intensity Ï as 


6B(ndB) = t0log| 1} (12-1) 
0 


where the reference Intensity ? 1s usually taken to be 
101 W/mử. 

Musical instruments are simple sources of sound in which 
Sfanding t0aes are produced. 

The strings of a stringed Instrument may vibrate as a 
whole with nodes only at the ends; the frequency at which this 
standing wave occurs 1s called the fundamental. The funda- 
mental frequency corresponds to a wavelength equal to twice 
the length of the string, À; = 2ƒ. The string can also vibrate at 
hipher frequencies, called oyerfones or harmonics, in which 


there are one or more additional nodes. The frequency of each 
harmonic Is a whole-number multiple of the fundamental. 

In wind Instruments, standing waves are set up ¡n the col- 
umn of air within the tube. 

The vibrating air in an open tube (open at both ends) has 
displacement antinodes at both ends. The fundamental 
Írequency corresponds to a wavelength equal to twice the 
tube length: À¡ = 2ƒ. The harmonics have frequencies that are 
1, 2, 3, 4,--: times the fundamental frequency, Just as for 
strinøs. 

For a closed tube (closed at one end), the fundamental 
corresponds to a wavelensth four times the length of the tube: 
Ài =4. Only the odd harmonics are present, equal to 
1, 3, 5, 7,-:: times the fundamental frequency. 

Sound waves Írom different sources can Interfere with 
cach other. If two sounds are at slightly different frequencIes, 
beafs can be heard at a frequency equal to the difference in fre- 
quency of the two sources. 

The Doppler effect refers to the change In pitch of a sound 
due to the motion either of the source or of the observer. IÝ source 
and observer are approaching each other, the perceived pitch 1s 
hipher. If they are moving apart, the perceived pitch 1s lower. 

[ZShock waves and a sonic boom occur when an object 
moyes at a supersonic speed——faster than the speed of sound. 
Ulfrasonic-frequency (hipher than 20 KHz) sound waves are used 
in many applications, including sonar and medical imaging.] 
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 Questions 


1. 
2. 
3. 


10. 


11. 


12. 


13 


'What is the evidence that sound travels as a wave? 

'What 1s the evidence that sound 1s a form of energy? 
Children sometimes play with a homemade “telephone” by 
attaching a string to the bottoms of two paper cups. When 
the string 1s stretched and a child speaks into one cup, the 
sound can be heard at the other cup (Fig. 12-29). Explain 
clearly how the sound wave travels from one cup to the other. 


cu † 


') 
hư ŒTD 


FIGURE 12-29 Ouestion 3. 


. When a sound wave passes Írom air Into water, do you 


expect the frequency or wavelength to change? 


.  What evidence can you gIve that the speed of sound In alr 


does not depend significantly on frequency? 


. The voice of a person who has inhaled helium sounds very 


hiph-pitched. Why? 


„ How wIll the air temperature in a room affect the pitch of 


Organ pipes? 


. Explain how a tube might be used as a filter to reduce the 


amplitude of sounds in various frequency ranges. (An 
example 1s a car muffler.) 


. Why are the frets on a guitar (Fig. 12-30) spaced closer 


together as you move up the fingerboard toward the bridge? 


Bridge 
FErets 


FIGURE 12-30 ) 
Question 9. 


A noïsy truck approaches you from behind a building. Ini- 
tially you hear it but cannot see it. When 1t emerges and you 
do see If, is sound is suddenly “brighter”——you hear more of 
the hiph-frequency noise. Explain. [Hmí: See Section 11—14 
on diffraction.] 


Standing waves can be said to be due to “interference In 
space,” whereas beats can be said to be due to “interfer- 
ence In time.” Explain. 


In Fig. 12-16, If the frequency of the speakers 1s lowered, 
would the poin(s D and C (where destructive and con- 
s(ructive Interference occur) move farther apart or closer 
together? Explain. 


Traditional methods of protecting the hearing of people who 
work In areas with very hiph noise levels have consisted 
mainly of efforts to block or reduce noise levels. With a 
relatively new technology, headphones are worn that do 
not block the ambient noise. Instead, a device 1s used which 
detects the noise, Inverts 1t electronically, then feeds it to the 
headphones / ađdirion fo the amblient noise. How could 
adding more noise reduce the sound levels reaching the ears? 
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14. Consider the two waves shown in Eig. 12-31. Each wave can 
be thought of as a superposition of two sound waves with 
slightly different frequencles, as in Fig. 12—18. In which of 
the waves, (a) or (b), are the two component frequencies 
farther apart? Explain. 


f (S) 


(®) 
FIGURE 12-31 Ouestion 14. 


15. Is there a Doppler shift 1ƒ the source and observer move In 


16 


Ũ 


the same đirection, with the same velocity? Explain. 


T a wind 1s blowing, will this alter the frequency of the 
sound heard by a person at rest with respect to the source? 
1s the wavelength or velocity changed? 


17. Eigure 12-32 shows various posiflons of a child on a swing 


moving toward a person on the ground who 1s blowing a 
whistle. At which position, A through E, wIll the child hear 
the highest frequency for the sound of the whistle? Explain 
VOUT reasoning. 


FIGURE 12-32 Ouestion 17. 


 MisConceptual Questions 


1. 


Do you expect an echo to return to you more quickly on a 
hot day or a cold day? 

(a) Hot day. 

(b5) Cold day. 

(c) Same on both days. 


- Sound Waves are 


(2) transverse waves characterized by the displacement of 
air molecules. 

(B) longitudinal waves characterized by the displacement 
of air molecules. 

(c) longitudinal waves characterized by pressure 
differences. 

(đ) Both (0) and (c). 

(e) (2), (b), and (c). 


.. The sound level near a noisy air conditioner 1s 70 dB. Iftwo 


such unifs operafe side by side, the sound level near them 
would be 

(z) 70 dB. 

(b) 73 dB. 

(c) 105 dB. 

(4) 140 dB. 


‹ To make a given sound seem twice as loud, how should a 


musician change the Intensity of the sound? 
(2) Double the intensity. 

(b) Halve the Intensity. 

(c) Quadruple the intensity. 

(đ) Quarter the intensity. 

(£) Increase the intensity by a factor of 10. 


. A musical note that is two octaves higher than a second note 


(2) has twice the frequency of the second note. 

(B) has four times the frequency of the second note. 
(c) has twice the amplitude of the second note. 

(đ) ïs 3 đB louder than the second note. 

(£) None of the above. 


. In which of the following 1s the wavelength of the lowest 


vibratlon mode the same as the length of the string or 
tube? 

(a) A string. 

(b) An open tube. 

(c) A tube closed at one end. 

(đ) AlI of the above. 

(£) None of the above. 


.  When a sound wave passes from aIr into water, what prop- 


erties Of the wave wIll change? 

(a) Frequency. 

(b) Wavelength. 

(c) Wave speed. 

(đ) Both frequency and wavelenøth. 
(c) Both wave speed and wavelength. 


. AÁ gultar string vibrates at a frequency of 330 Hz with wave- 


length 1.40 m. The frequency and wavelength of this sound 
1n arr (20°C) as It reaches OuT €ars 1S 

(2) same frequency, same waveleneth. 

(B) higher frequency, same wavelength. 

(c) lower frequency, same wavelength. 

(đ) same frequency, longer wavelength. 

(e) same frequency, shorter wavelength. 


9. 


10. 


11. 


12. 


13. 


A guitar player shortens the length of a guitars vibrating 
string by pressing the string straipht down onto a fret. The 
guitar then emits a hipher-pitched note, because 

(a) the string”s tension has been dramatically increased. 
() the string can vibrate with a much larger amplitude. 

(c) the string vibrates at a hipgher frequency. 


An organ pipe with a fundamental frequency ƒ 1s open at 
both ends. If one end is closed off, the fundamental fre- 
quency wIll 

(a) drop by half. 

(5) not change. 

(c) double. 


Two loudspeakers are about 10m apart in the front of a large 
classroom. IỶ either speaker plays a pure tone at a single 
frequency of 400 Hz, the loudness seems pretty even as you 
wander around the room, and sradually decreases In volume 
as you move farther from the speaker. If both speakers 
then play the same tone together, what do you hear as you 
wander around the room? 

(a) The pitch of the sound increases to 800 Hz, and the 
sound ¡s louder but not twice as loud. It is louder closer 
to the speakers and gradually decreases as you move 
away from the speakers—except near the back wall, 
where a slipght echo makes the sound louder. 

() The sound ïs louder but maintains the same relative 
spatial pattern of gradually decreasing volume as you 
move away from the speakers. 

(c) As you move around the room, some areas seem to be 
dead spots with very little sound, whereas other spofs 
seem to be louder than with only one speaker. 

(đ) The sound ¡s twice as loud—so loud that you cannot 
hear any difference as you move around the room. 

(£) At points equidistant from both speakers, the sound is 
twice as loud. In the rest of the room, the sound 1s the 
same as IŸ a single speaker were pÏaying. 


You are driving at 75 km/h. Your sister follows in the car 
behind at 75 km/h. When you honk your horn, your sister 
hears a frequency 

(a) higher than the frequency you hear. 

() lower than the frequency you hear. 

(c) the same as the frequency you hear. 

(đ) You cannot tell without knowing the horn”s frequency. 


A guitar string 1s vibrating at its fundamental frequency ƒ. 

'Which of the following 1s no true? 

(a) Each small section of the guitar string oscillates up and 
down at a frequency ƒ. 

(b) The wavelength of the standing wave on the guitar 
string is À = /ƒ, where o ¡is the velocity of the wave 
on the string. 

(c) A sound wave created by this vibrating string 
propagates through the air with frequency ƒ. 

(đ) A sound wave created by this vibrating string 
propagates throuph the air with wavelength À = 0/ƒ, 
where ® 1s the velocity 0Ÿ sound In aIr. 

(c) The wavelength of the standing wave on the guitar 
string is À = f, where £¡s the length of the string. 
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MisConceptual Ouestions 


For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


Ï Problems 


[Unless stated otherwise, assume 7' = 20°C and 0souna = 343 m/s 12. (H) A person standing a certain distance from an airplane 
1n air.] with four equally noisy Jet engines 1s exXperiencing a sound 
level of 140 dB. What sound level would this person expe- 

12-1 Characteristics of Sound rience If the captain shut down all but one engine? [Himr: 

1. ()A hiker determines the length of a lake by listening for Add intensities, not dBs.] 

the echo of her shout reflected by a cliff at the far end of the 13. (II) One CD player is said to have a signal-to-noise ratio 
lake. She hears the echo 2.5 s after shouting. Estimate the of 82 đB, whereas for a second CD player ¡t ¡is 98 đB. What 
length of the lake. 1s the ratio of intensitles of the signal and the background 


noise for each device? 

14. (H) A 55-dB sound wave strikes an eardrum whose area 
is 5.0 < 10” mZ. (z) How much energy is received by the 
eardrum per second? () At this rate, how long would ït 
take your eardrum to receive a total energy of 1.0 J? 

15. (H) At a rock concert, a đB meter registered 130 dB when 


2. ( A sailor strikes the side of his ship just below the water- 
line. He hears the echo of the sound reflected from the ocean 
floor directly below 2.0 s later. How deep 1s the ocean at this 
point? Assume the speed of sound in sea water is 1560 m/s 
(Table 12—1) and does not vary significantly with depth. 


3. (1 (2) Calculate the wavelengths in air at 20°C for sounds in placed 2.5 min front of a loudspeaker on stage. (2) What was 
the maximum range of human hearing, 20 Hz to 20,000 Hz. the power oufput of the speaker, assuming uniform spherical 
(b) What is the wavelength of an 18-MHz ultrasonic wave? spreading of the sound and neglecting absorption ¡n the 

4. (II) On a warm summer day (31°€), it takes 4.80 s for an air? (b) How far away would the sound level be 85 dB? 
echo to return from a cliff across a lake. On a winter day, it 16. (H) A fireworks shell explodes 100 m above the ground, cre- 
takes 5.20 s. What is the temperature on the winter day? ating colorful sparks. How much greater 1s the sound level of 


the explosion for a person 
at a poïnt directly below 
the explosion than for 

a person a horizontal 100m 
distance of 200 m away 
(Eig. 12-34)? 


5. (I) An ocean fishing boat ¡is drifting just above a school of 
tuna on a foggy day. Without warning, an engine backfire 
Occurs on another boat 1.55 km away (Fig. 12-33). How 
much time elapses 
before the backfire 1s 


_— 


heard (4) by the fish, 200m 
and (b) by the ¿ (b) FIGURE 12-34 Problem 1ó. 
fishermen? và 3v, 


¬. + =S __— 17. 


(I) If the amplitude of a sound wave is made 3.5 times 
greater, () by what factor wIll the intensity increase? (b) By 


FIGURE 12-33 == và 5 how many đB will the sound level InCr€ase? 
Prolilena 5: = . (H) Two sound waves have equal displacement amplitudes, 
but one has 2.2 times the frequency of the other. What 1s 
6. (H) A person, with his ear to the ground, sees a huge stone the ratio of their intensities? 
strike the concrete pavement. A moment later two sounds 19. (II) What would be the sound level (in đB) of a sound wave 
are heard from the impact: one travels in the air and the in air that corresponds to a displacement amplitude of 
other in the concrete, and they are 0.80s apart. How far vibrating air molecules of 0.13 mm at 440 Hz? 
away did the impact occur? See Table 12-1. 20. (11) (a) Estimate the power output of sound from a person 


speaking in normal conversation. se Table 12-2. Assume 
the sound spreads rouphly uniformly over a sphere centered 
on the mouth. (5) How many people would ït take to pro- 
duce a tofal sound output of60W of ordinary conversation? 
12-2 Intensity of Sound; Decibels [Hữu Add intensities, not đBs.] 
2i. (II) Expensive amplifier A is rated at 220W, while the more 
modest amplifler B ¡s rated at 45W. (a) Estimate the sound 
level in decibels you would expect at a point 3.5 m from a 
9. () What 1s the sound level of a sound whose Infensity is loudspeaker connected in turn to each amp. (5) WIII the 
1.5 x 109 W/m”? ©xpensive amp sound twice as loud as the cheaper one? 


7. (HH) A stone is dropped from the top of a clIff. The splash 1t 
makes when striking the water below 1s heard 2.7 s later. 
How hiph 1s the chff? 


8. ( What 1s the intensity of a sound at the pain level of 
120 dB? Compare it to that of a whisper at 20 dB. 


19. (II) You are trying to decide between two new stereo *#2-3 Loudness 


amplifiers. One is rated at 75 W per channel and the other  ;;„ (DA 5000-Hz tone must have what sound level to seem as 


1s rated at 120 W per channel. In terms of đB, how much loud as a 100-Hz tone that has a 50-dB sound level? (See 

louder will the more powerful amplifier be when both are Eig. 12~6.) 

produoing sound at thoir maximum levels? #23. () What are the lowest and highest frequencies that an ear 
11. (H) I two firecrackers produce a combined sound level of can detect when the sound level is 40 đB? (See Fig. 12—6.) 

85 dB when fired simultaneously at a certain place, what  *24. (II) Your ears can accommodate a huge range of sound 

wIll be the sound level if only one 1s exploded? [Hmwr: Add levels. What 1s the ratio of hipghest to lowest Intensity at 

Iintensities, not đBs.] (z) 100 Hz, (5) 5000 Hz? (See Fig. 12~6.) 
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12-4 Sources of Sound: Strings and Air Columns 


25. ( Estimate the number of ocfaves in the human audible 
range, 20 Hz to 20 kHz. 
26. (1) What would you estimate for the length of a bass clarinet, 
assuming that It is modeled as a closed tube and that the 
lowest note that it can play is a D° whose frequency is 69 Hz? 
(D The A string on a violin has a fundamental frequency of 
440 H¿z. The length of the vibrating portion 1s 32 cm, and 1t 
has mass 0.35 ø. Under what tension must the string be placed? 
(Ð An organ pipe ïs 116 cm long. Determine the fundamental 
and first three audible overtones 1f the pipe 1s (2) closed 
at one end, and (b5) open at both ends. 
(D (2) What resonant frequency would you expect from 
blowing across the top of an empty soda bottle that is 24cm 
deep, If you assumed It was a closed tube? (5) How would 
that change 1 1t was one-third full of soda? 
30. (I) If you were to build a pipe organ with open-tube pipes 
spanning the range of human hearing (20 Hz to 20 kHz), 
what would be the range of the lengths of pipes required? 
I) A tight guitar string has a frequency of 540 Hz as 1s 
third harmonic. What will be 1ts fundamental frequency 1f 
1t 1s fingered at a length of only 70% of its original length? 
(II) Estimate the frequency š 
Of the “sound of the ocean” 
when you puf your ear very 
near a l5-cm-diameter sea- 
shell (Fig. 12-35). 


27 


28 


29 
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32 


FIGURE 12-35 
Problem 32. 
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(ID An unfingered guitar string ¡s 0.68 m long and is tuned 
to play E above middle C (330 Hz). (z) How far from the 
end of this string must a fret (and your finger) be placed to 
play A above middle C (440 Hz)? (b) What is the wave- 
length on the string of this 440-Hz wave? (c) What are the 
frequency and wavelength of the sound wave produced in 
atr at 22°C by this fingered string? 

(T) (2) Determine the length of an open organ pipe that 

emits middle C (262 Hz) when the temperature is 18°C. 

(b) What are the wavelength and frequency of the funda- 

mental standing wave ïn the tube? (c) What are À and ƒin 

the traveling sound wave produced in the outside air? 

(HT An organ is in tune at 22.0°C. By what percent will the 

{requency be off at 11C? 

(H) How far from the mouthpiece of the flute In 

Example 12—11 should the hole be that must be uncovered 

to play F above middle C at 349 Hz? 

37. (1) (4a) At 7 = 22°C, how long must an open organ pipe 
be to have a fundamental frequency of 294 Hz? (b) If this 
pIpe 1s filled with helium, what is 1ts fundamental frequency? 

38. (II) A particular organ pipe can resonate at 264 Hz, 

440 Hz, and 616 Hz, but not at any other frequencies in 

between. (2z) Show why this is an open or a closed pipe. 

(b) What is the fundamental frequency of this pipe? 

(H) A uniform narrow tube 1.70 m long is open at both ends. 

It resonates at two successive harmonics of fÍrequencies 

275 Hz and 330 Hz. What is (2) the fundamental frequency, 

and (Đ) the speed of sound in the gas in the tube? 

40. (II) A pipe in air at 23.0°C is to be designed to produce 

two successive harmonics at 280 Hz and 320 Hz. How long 

must the pipe be, and 1s it open or closed? 
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4í. (I) How many overtones are present within the audible 


range for a 2.18-m-long organ pipe at 20°C (2) 1Ÿ it is open, 
and (0?) If it is closed? 


. (H) Determine the fundamental and first overtone frequen- 


cies when you are in a 9.0-m-long hallway with all doors 
closed. Model the hallway as a tube closed at both ends. 


(HH) When a player's finger presses a guitar strineg down 
onfo a fret, the length of the vibrating portion of the string 
1s shortened, thereby increasing the string”s fundamental 
frequenecy (see Fig. 12-36). The string”s tension and mass per 
unit length remain unchanged. If the unfingered length of 
the string is £ = 75.0cm, determine the positions x of the 
first six frets, 1Ý each fret raises the pItch of the fundamental 
by one musical note compared to the neighboring fret. Ôn 
the equally tempered 
chromatic scale, the 
ratlo of Írequencies 
of neiphboring notes 
l2, 


FIGURE1236 —“ 
Problem 43. = 750cm 


. (HT) The human ear canal is approximately 2.5 cm long. It 


1s Open to the outside and ¡s closed at the other end by the 
eardrum. Estimate the frequencies (ïn the audible range) of 
the standing waves In the ear canal. What is the relationship 
Of your answer to the Information In the graph of Fig. 12—6? 


*12-5_ Quality of Sound, Superposition 
*45. (I) Approximately what are the intensifies of the first two 


overtones of a violin compared to the fundamental? How 
many decibels softer than the fundamental are the first and 
second overtones? (See Eig. 12—15.) 


12-6 Interference; Beats 


46. (DA piano tuner hears one beat every 2.0 s when trying to 


adjust two strings, one of which 1s sounding 350 Hz. How 
far off in frequency 1s the other string? 


. ()A certain dog whistle operates at 23.5 kHz, while another 


(brand X) operates at an unknown frequency. If humans 
can hear neither whistle when played separately, but a shrill 
whine of frequency 5000 Hz occurs when they are played 
simultaneously, estimate the operating frequency of brand X. 
(ID What ¡is the beat frequency 1f middle C (262 Hz) and 
CỶ (271 Hz) are played together? What if each is played 
two octaves lower (each frequency reduced by a factor of 4)? 


. (H)A guitar string produces 3 beats/s when sounded with 


a 350-Hz tuning fork and 8 beats/s when sounded with a 
355-Hz tuning fork. What 1s the vibrational frequency of the 
string? Explain your reasoning. 


. (H) Two violin strings are tuned to the same frequency, 


294 Hz. The tension in one string is then decreased by 2.5%. 
'What wIll be the beat frequency heard when the two strings 
are played together? [H/mr: Recall Eq. 11-13.] 


(II) The two sources of sound ïn Fig. 12—16 face each other 
and emit sounds of equal amplitude and equal frequency 
(305 Hz) but 180” out of phase. For what minimum separa- 
tion of the two speakers wIll there be some point at which 
(a) complete constructive interference occurs and (5) com- 
plete destructive interference occurs. (Assume 7' = 20°C.) 
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5. 


Sủ; 


=4. 


5. 


(ID) Two piano strings are supposed to be vibrating at 
220 Hz, but a piano tuner hears three beats every 2.5 s when 
they are played together. (2) If one 1s vibrating at 220.0 Hz, 
what must be the frequency of the other (1s there only one 
answer)? (b) By how much (in percent) must the tension be 
1ncreased or decreased to bring them In tune? 

() Two loudspeakers are 1.60m apart. A person stands 
3.00 m from one speaker and 3.50 m from the other. (2) What 
1s the lowest frequency at which destructive Interference wIll 
Occur at this point 1ƒ the speakers are In phase? (b) Calculate 
two other frequencies that also result in destrucfive Interference 
at this point (give the next two highest). Let 7= 20°C. 

(HT) Two loudspeakers are placed 3.00 m apart, as shown in 
Hp. 12-37. They emit 474-Hz sounds, in phase. A micro- 
phone 1s placed 3.20 m distant from a point midway between 
the two speakers, where an Intensity maximum 1s recorded. 
(a) How far must the microphone be moved to the ripht 
to find the fñirst Intensity 
minimum? (0) Suppose the 
speakers are reconnected so 
that the 474-Hz sounds they 
emit are exacfly out of 
phase. At what posItions are 
the Intensity maximum and 
minimum now? 


FIGURE 12-37 
Problem 54. 


(II) A source emits sound of wavelengths 2.54m and 
2.72 mn aïr. (2) How many beats per second wIll be heard? 
(Assume 7' = 20°C.) (b) How far apart in space are the 
reglons of maximum Intensity? 


12-7 Doppler Effect 


S6. 


S1: 


58. 


S9; 


60 


61. 


(ID The predominant frequency of a certain fire truck?s 
siren is 1650 Hz when at rest. What frequency do you đetect 
1ƒ you move with a speed of 30.0 m/s (2) toward the fire 
truck, and (b5) away from it? 

(H) A bat at rest sends out ultrasonic sound waves at 
50.0kHz and receives them returned from an object 
moving directly away from it at 27.5m/s. What is the 
received sound frequency? 

(ID) Two automobiles are equipped with the same single- 
frequency horn. When one 1s at rest and the other 1s 
moving toward the first at 18 m/s, the driver at rest hears a 
beat frequency of 4.5 Hz. What 1s the frequency the horns 
emit? Assume 7 = 20°C. 

(H) As a bat flies toward a wall at a speed of 6.0 m/s, the 
bat emits an ultrasonic sound wave with frequency 30.0 kHz. 
'What frequency does the bat hear In the reflected wave? 
(II) In one of the original Doppler experiments, a tuba was 
played at a frequency of 75 Hz on a moving flat train car, 
and a second identical tuba played the same tone while at 
rest In the railway station. What beat frequency was heard 
1n the statlon 1ƒ the train car approached the station at a 
speed of 14.0 m/s? 

(H) A wave on the ocean surface with wavelensth 44 m travels 
east at a speed of 18 m/s relative to the ocean floor. If, on 
this stretch of ocean, a powerboat is moving at 14 m/s (rela- 
tive to the ocean floor), how often does the boat encounter 
a wave crest, 1ƒ the boat is traveling (z) west, and (b) east? 
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62. (HI) A police car sounding a siren with a frequency of 


63 


1580 Hz ¡s traveling at 120.0 km/h. (2) What frequencies 
does an observer standing next to the road hear as the car 
approaches and as it recedes? (b) What frequencies are 
heard ¡in a car traveling at 90.0km/h in the opposite 
direction before and after passing the police car? (c) The 
police car passes a car traveling in the same direction at 
80.0 km/h. What two frequencies are heard in this car? 
(II) The Doppler effect using ultrasonic waves of fre- 
quency 2.25 x 105Hz is used to monitor the heartbeat 
of a fetus. A (maximum) beat frequency of 240 Hz is 
observed. Assuming that the speed of sound 1n tissue 1s 
1540 m/s, calculate the maximum velocity of the surface 
of the beating heart. 


*12-8 ShockWaves; Sonic Boom 


*64. (1) (a) How fast is an object moving on land ïf 1s speed at 


*65. 


*66 


*67 


*68. 


*69 


*70 


24°C is Mach 0.33? (5) A hiph-flying Jet cruising at 
3000 km/h displays a Mach number of 3.1 on a screen. 
'What is the speed of sound at that altitude? 

(Ð The wake of a speedboat is 12” im a lake where the speed of 
the water wave ¡is 2.2 km/h. What is the speed of the boat? 
(H) An arrplane travels at Mach 2.1 where the speed of sound 
is 310 m/s. (4) What is the angle the shock wave makes 
with the direction of the airplane”s motion? (0) If the plane 
1s flying at a height of 6500 m, how long after 1t is directly 
overhead will a person on the ground hear the shock wave? 
(I) A space probe enters the thin atmosphere of a planet 
where the speed of sound is only about 42 m/s. (z) What 
1s the probes Mach number IŸ is Initial speed 1s 
15,000 km/h? (5) What ¡is the angle of the shock wave 
relafive to the đirection of motion? 

(I) A meteorite traveling 9200m/s strikes the ocean. 
Determine the shock wave angle it produces (đ) in the air 
just before entering the ocean, and () in the water just 
after entering. Assume 7 = 20°C. 

(HI) You look directly overhead and see a plane exactly 
1.45 km above the ground flying faster than the speed of 
sound. By the time you hear the sonic boom, the plane has 
traveled a horizontal distance of 2.0 km. See Elig. 12-38. 
Determine (2) the angle of the shock cone, 0, and (b) the 


speed of the plane and 1ts Mach number. Assume the speed 


FIGURE 12-38 
Problem 69. 


(HT) A supersonic Jet traveling at Mach 2.0 at an altitude 
of 9500 m passes directly over an observer on the øround. 
Where will the plane be relative to the observer when the 
latter hears the sonic boom? (See Hg. 12-39.) 


ObserverfP direction 


(a) 


Observer 


(b) 
FIGURE 12-39 Problem 70. 


 General Problems 


7Í. A fish finder uses a sonar đevice that sends 20,000-Hz 


72. 


73 


74 


75 


76. 


điện 


78. 


79. 


80 
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sound pulses downward from the bottom of the boat, and 
then detects echoes. If the maximum depth for which 1t 1s 
desipned to work 1s 8Š m, what is the minimum time between 
pulses (ïn fresh water)? 

A single mosquito 5.0m from a person makes a sound 
close to the threshold of human hearing (0 đB). What will 
be the sound level of 200 such mosquitoes? 

'What is the resultant sound level when an 81-dB sound and 
an 87-dB sound are heard siImultaneously? 

The sound level 8.25 m from a loudspeaker, placed In the 
open, ¡s 115 dB. What is the acoustic power output (W) of 
the speaker, assuming 1t radiates equally in all directions? 
A stereo amplifier Is rated at 225W output at 1000 Hz. 
The power output drops by 12 dB at 15 kHz. What is the 
power oufput 1n watts at 15 kHz? 

Workers around Jet aircraft typically wear protective devices 
over their ears. Assume that the sound level of a Jet airplane 
engine, at a distance of 30 m, is 130 đB, and that the averaøe 
human ear has an effective radius of 2.0 cm. What would be 
the power Intercepted by an unprotected ear at a distance 
of 30 m from a Jet airplane engine? 

In audio and communications systems, the øaïn, Ø6, in deci- 
bels is defined for an amplifler as 


Tut 
B = I0lo } 
"Lo 


where #n Is the power Input to the system and #2u( 1s the 
power output. (z) A particular amplifier puts out 135W 
Of power for an input of 1.0mÉW. What ïs Its gain in dđB? 
(b) LÝ a signal-to-noise ratio of 93 đB is specified, what 1s the 
noIse power !f the output sipnal is 101W? 

Manufacturers typically offer a particular guitar string in a 
choice of diameters so that players can tune theïr instruments 
with a preferred string tension. For example, a nylon high-E 
string 1s available In a low- and hiph-tension model with diam- 
eter 0.699 mm and 0.724 mm, respectively. Assuming the 
density p of nylon is the same for each model, compare (as a 
ratio) the tension In a tuned high- and low-tension string. 
A tuning fork 1s set Into vibration above a vertical open 
tube filled with water (Fig. 12-40). The water level is allowed 
to drop slowly. As 1t does so, the air in the tube above the water 
level is heard to resonate with the 
tuning fork when the distance from 
the tube opening to the water level 


1s 0.125m and again at 0395m. 0.125 mị | 

What 1s the frequency of the 

tuning fork? | m 
FIGURE 12-40 K1. ˆ 
Problem 79. 


Two identical tubes, each closed at one end, have a funda- 
mental frequency of 349 Hz at 25.0°C. The air temperature 
1s Increased to 31.0”C in one tube. If the two pIpes are 
now sounded together, what beat frequency results? 

Each string on a violin is tuned to a frequeney 1 times that 
Of is neiphbor. The four equal-lenpth strings are to be 
placed under the same tension; what must be the mass per 
unit length of each string relative to that of the lowest string? 
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.„ A particular whistle produces sound by setting up the 
fundamental standing wave In an air column 7.10 cm long. 
The tube 1s closed at one end. The whistle blower 1s riding 
in a car moving away from you at 25 m/s. What frequency 
do you hear? 


The diameter Ð of a tube does affect the node at the open 
end of a tube. The end correction can be roughly approxiI- 
mated as adding D/3 to ƒ to give us an effective length for 
the tube In calculations. For a closed tube of length 0.55 m 
and diameter 3.0 cm, what are the frequencies of the first 
four harmonIcs, taking the end correction Into consideration? 


The frequency of a steam train whistle as 1t approaches you 
1s 5605 Hz. Affter it passes you, 1s frequency 1s measured as 
486 Hz. How fast was the train moving (assume constant 
velocIty)? 


Two trains emit 508-Hz whistles. One train 1s statlonary. 
The conductor on the statlonary train hears a 3.5-Hz beat 
frequency when the other train approaches. What is the 
speed of the moving train? 


Two loudspeakers are at opposIte ends of a railroad car as 
1t moves past a stationary observer at 12.0 m/s, as shown in 
Fig. 12-41. If the speakers have Identical sound frequen- 
cles of 348 Hz, what is the beat frequency heard by the 
observer when (ø) he listens from position A, in front of 
the car, (b) he is between the speakers, at B, and (c) he 
hears the speakers after they have passed him, at C2 


= 12.0 m/s 
@ 


FIGURE 12-41 Problem §ó. 


Two open organ pipes, sounding together, produce a beat 
frequency of 6.0 Hz. The shorter one 1s 2.40m long. How 
long 1s the other? 


A bat flies toward a moth at speed 7.8 m/s while the moth 
1s flying toward the bat at speed 5.0 m/s. The bat emits a 
sound wave of 51.35 kHz. What is the frequency of the wave 
detected by the bat after that wave reflects off the moth? 


A bat emits a serles of high-frequency sound pulses as 1t 
approaches a moth. The pulses are approximately 70.0 ms 
apart, and each 1s about 3.0 ms long. How far away can the 
moth be detected by the bat so that the echo from one 
pulse returns before the next pulse 1s emitted? 


Two loudspeakers face each other at opposite ends of a 
long corridor. They are connected to the same source which 
produces a pure tone of 282 Hz. A person walks from one 
speaker toward the other at a speed of 1.6 m/s. What “beat” 
frequency does the person hear? 


A sound-insulating door reduces the sound level by 30 dB. 
What fraction of the sound Intensity passes through this 
door? 
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92. 


The “alpenhorn” (Hg. 12-42) was once used to send sipnals 
Írom one Alpine village to another. Since lower Írequency 
sounds are less susceptible to Intensity loss, long horns 
were used to create deep sounds. When played as a musical 
1nstrument, the alpenhorn must be blown in such a way 
that only one of the overtones 1s resonating. The most 
popular alpenhorn 1s about 3.4 m long, and it is called the 
F# (or GÈ) horn. What is the fundamental frequency 
of this horn, and which overtone is close to F#? (See 
Table 12-3.) Model as a tube open at both ends. 


lì" NN f 


FIGURE 12-42 Problem 92. 
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Room acousfics for stereo listening can be compromised by 
the presence of standing waves, which can cause acoustIc 
“dead spots” at the locations of the pressure nodes. Con- 
sider a living room 4.7 m long, 3.6 m wide, and 2.8 m high. 
Calculate the fundamental frequencles for the standing 
waves In this room. 


A dramatic demonstration, called “singing rods,” involves 
a long, slender aluminum rod held in the hand near the 
rod's midpoint. The rod is s(roked with the other hand. 
With a litfle practice, the rod can be made to “sing,” or 
emit a clear, loud, ringing sound. For an 80-em-long rod, 
(z) what ¡is the fundamental frequency of the sound? 
(b) What 1s its wavelength in the rod, and (c) what is the 
traveling wavelength of the sound In air at 20°C? 


The Intensity at the threshold of hearing for the human ear 
at a frequency of about 1000 Hz is 7¿ = 1.0 x 10!2W/mỶ, 
for which Ø, the sound level, is 0 dB. The threshold of pain 
at the same frequency is about 120 đB, or 7 = 1.0 W/mỶ, 
corresponding to an increase of intensity by a factor of 101. 
By what factor does the displacement amplitude, 4, vary? 


A Doppler flow meter uses ultrasound waves to measure 
blood-flow speeds. Suppose the device emits sound at 
3.5 MHz, and the speed of sound in human tissue 1s about 
1540 m/s. What ¡is the expected beat frequency ïf blood is 
flowing ¡in large leg arteries at 3.0 cm/s directly away from 
the sound source? 


j Search and Learn 


1. 
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Ata painfully loud concert, a 120-dB sound wave travels 
away from a loudspeaker at 343 m/s. How much sound wave 
energy is contained in each 1.0-cm” volume of air in the 
repion near this loudspeaker? (See Sections 12~2 and 11—9.) 


. Ata race track, you can estimate the speed of cars just by 


listening to the difference in pitch of the engine noise 
between approaching and receding cars. Suppose the sound 
Of a certain car drops by a full octave (frequency halved) as 
1t goes by on the straightaway. How fast 1s 1t going? 


A person hears a pure tone In the 500 to 1000-Hz range 
coming from two sources. The sound 1s loudest at poinfs 
equidistant from the two sources. To determine exactly what 
the frequency 1s, the person moves about and finds that the 
sound level 1s minimal at a point 0.25 m farther from one 
source than the other. What is the frequency of the sound? 


ANSWERS TO EXERCISES 


A: 
B: 
€: 


4 tỉmes as Intense. 

(D). 

7 octaves, plus. [Note: Thịs is like counting in binary, 
27 = 128; for more see Section 17-10.] 
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D: 
E: 
F: 
G: 


A factory whistle emifts sound of frequency 770 Hz. The 
wind velocity is 15.0 m/s from the north (heading south). 
'What frequency will observers hear who are located, at rest, 
(z) due north, (5) due south, (c) due east, and (đ) due west, 
of the whistle? What frequency 1s heard by a cyclist heading 
(e) north or (ƒ) west, toward the whistle at 12.0 m/s? Assume 
T = 20C. 


. A bugle 1s a tube of fixed length that behaves as 1Ÿ 1t is open 


at both ends. A bugler, by adjusting his lips correctly and 
blowing with proper aIr pressure, can cause a harmonIc 
(usually other than the fundamental) of the air column 
within the tube to sound loudly. Standard military tunes 
like 7azps and Reueille require only four musical nofes: 
G4 (392 Hz), C5 (523 Hz), E5 (659 Hz), and G5 (784 Hz). 
(a) For a certain length /, a bugle will have a sequence of 
four consecutive harmonics whose Írequencies very nearÌy 
equal those associated with the notes G4, C5, E5, and G5. 
Determine this /. (b) Which harmonic ¡1s each of the 
(approximate) notes G4, C5, E5, and G5 for the bugle? 


(b). 
257 Hz. 
(a) 1717Hz, (b) 1483 Hz. 


(a). 


Monument Valley, Arizona 


Temperature and 
Kinetic Theory 


CHAPTER-OPENING QUESTION—Guess now! 


A hot-aïr balloon, open at one end (see photos above), rises when the air Inside 
1s heated by a flame. For the following properties, 1s the air inside the balloon 
higher, lower, or the same as for the a1r outside the balloon? 

(ï) Temperature. (ii) Pressure. (H1) Density. 


temperature, heat, and thermodynamics. Much of this Chapter điscusses 
the theory that matter is made up of atoms and that these atoms are In con- 
tinuous random motion. This theory 1s called the kinefic theory. (“Kinetic,” you 
may recall from Chapter 6, 1s Greek for “moving.”) 
We also discuss the concept of temperature and how 1t is measured, as well as 
the measured properties of gases which serve as a foundation for kinetic theory. 


15-1 Atomic Theory of Matter 


The idea that matter is made up of atoms dates back to the anclent Greeks. 
According to the Greek philosopher Democritus, 1Ÿ a pure substance——say, a piece 
Of Iron——were cut Into smaller and smaller bits, eventually a smallest piece of that 
substance would be obtained which could not be divided further. Thịs smallest 
plece was called an atom, which in Greek means “indivisible.” Today an atom 1s 
sữill the smallest pIece of a substance, but we do not consider 1t Iindivisible. Rather 
1f is viewed as consisting of a central nucleus (containing protons and neufrons) 
surrounded by electrons, Chapter 27. 


> Chapter 1s the first of three (Chapters 13, 14, and 15) devoted to 


Heating the aïr inside a “hot-air” balloon raises the air”s temperature, causing 

1t to expand, and forces some of the air out the opening at the bottom. The 
reduced amount oŸ air inside means its density 1s lower than the outside air, so 
there is a net buoyant force upward on the balloon (Chapter 10). In this Chapter 
we study temperature and 1ts effects on matter: thermal expansion and the 

gas laws. We examine the microscopic theory of matter as atoms or molecules 
that are continuously In motion, which we call kinetic theory. The temperafure 
Ofa gas 1s directly related to the average translational kinetic energy oŸ Its 
molecules. We will consider ideal gases, but wIll also look at real gases and 

how they change phase, Including evaporation, vapor pressure, and humidity. 
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FIGURE 13-1 Path of a tiny particle 
(pollen grain, for example) 
suspended In water. The straipht 
lines connect observed positIions of 
the particle at equal time Intervals. 


FIGURE 13-2 Atomic 
arrangements in (a) a crystalline 
solid, (b) a liquid, and (c) a gas. 


(c) 
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Today the atomic theory 1s universally accepted. The experimental evidence 
1n 1ts favor, however, came mainly 1n the eiphteenth, nineteenth, and twentieth 
cenfuries, and much oŸ 1t was obtained from the analysis of chemical reactions. 

We wIll often speak of the relative masses of1ndividual atoms and molecules—— 
what we call the atomie mass or molecular mass, respect(ively. (The terms fomc 
+ueighf and molecular tueighf are sometimes used.) These masses are based on 
arbitrarily assigning the most abundant form of carbon atom, 'C, the atomic 
mass of exactly 12.0000 unified atomic mass unifs (u). In terms of kiloprams, 


1u = 1.6605 x 10 ”kg. 


The average atomic mass of hydrogen 1s 1.0079u, and the values for other 
atoms are as listed In the Periodic Table inside the back cover of this book, and 
also in Appendix B.' The molecular mass of a compound is the sum of atomic 
masses of the atoms making up the molecules of that compound. 

[An element is a substance, such as neon, gold, iron, or copper, that cannot 
be broken down Into simpler substances by chemical means. Compounds are 
substances made up of elements, and can be broken down into them; examples 
are carbon dioxide and water. The smallest piece of an element 1s an atom; the 
smallest piece of a compound 1s a molecule. Molecules are made up of atoms; 
a molecule of water, for example, 1s made up of two atoms of hydrogen and one 
Of oxygen; Its chemical formula is H;O.] 

An Important piece of evidence for the atomic theory 1s called Brownian 
mofion, named after the biologist Robert Brown, who 1s credited with 1ts discov- 
ery in 1827. While he was observing tiny pollen ørains suspended in water under 
his microscope, Brown noticed that the tiny grains moved about In erratic paths 
(Eig. 13-1), even though the water appeared to be perfectly stll. The atomic 
theory easily explains Brownian motion 1Ÿ we assume that the atoms oŸ any 
substance are confinually in motion. Then Brown”s tiny pollen grains are Jostled 
about by the vigorous barrage of rapidly moving molecules of water. 

In 1905, Albert Einstein examined Brownian motion from a theoretical point 
of view and was able to calculate from the experimental data the approximate 
size and mass of atoms and molecules. His calculations showed that the diameter 
of a typical atom is about 10ˆ!?m. 

At the start of Chapter 10, we distinguished the three common phases (or 
states) of matter——solid, liquid, øas——based on macroscopie, or “large-scale,” prop- 
erties. Now let us see how these three phases of matter differ, from the atomic 
Or microscopic point of view. Eirst of all, atoms and molecules mustf exert aftractive 
forces on each other, because only this explains why a brick or a block of aluminum 
holds together in one piece. The attractive forces between molecules are of an electrical 
nature (more on this in later Chapters). When molecules come too close together, 
the force between them must become repulsive (electric repulsion between thelr 
outer electrons). We need this assumption to explain that matter takes up space. 
Thus molecules maintain a minimum distance from each other. In a solid material, 
the attractive forces are strong enough that the atoms or molecules move only 
slightly (oscillate) about relatively fixed positions, often in an array known as a 
crysfal lattice, as shown n Elg. 13—2a. In a liquid, the atoms or molecules are moving 
more rapidly, or the forces between them are weaker, so that they are sufficiently 
free to pass around one another, as in Hg. 13—2b. In a gas, the forces are so weak, Or 


The relative masses of different atoms came from analysis of chemical reactions, and the law of definite 
proporfions. Ít s(ates that when two or more elemenfts combine to form a compound, they always do 
so in the same proportions by mass. For example, table salt is always formed from 23 parfts sodium and 
35 parts chlorine; and water from one part hydrogen and eipht parts oxygen. A continuous theory of 
matfer could not account for the law of definite proportions but atomic theory does: the proporfions 
of each element that form a compound correspond to the relative masses of the combining atoms. One 
atom of sodium (Na) combines with one atom of chlorine (Cl) to form one molecule of salt (NaC]), 
and one atom of sodium has a mass 23/35 times as large as one of chlorine. Hydrogen, the lightest 
atom, was arbitrarily assipgned the relative mass of 1. On this scale, carbon was about 12, oxygen 16, 
sodium 23, and so on. It was sometimes more complicated. For example, from the various compounds 
oxygen formed, its relative mass was judged to be 16; but this was Inconsistent with the mass ratio in 
water of oxygen to hydrogen, only 8 to 1. This was explained by assuming two H atoms combine with 
one O atom to form a water molecule. 


the speeds so high, that the molecules do not even stay close together. They move 
rapidly every which way, Hg. 13—2c, filling any container and occasionally colliding 
with one another. On average, the speeds are sufficiently high in a gas that when 
two molecules collide, the force of attraction 1s not strong enough to keep them 
close together and they fly off in new directions. 


EXAMPLE 13-1 | ESTIMATE | Distance between atoms. The density of 
copper ¡is 8.9 x 10” kg/mỶ, and each copper atom has a mass of 63 u. Estimate 
the average distance between the centers of neighboring copper atoms. 


APPROACH We consider a cube of copper 1 m on a side. From the gIven density p 
we can calculate the mass 7 of a cube of volume Wƒ = 1 mỶ (m = pV). We divide 
this mass z by the mass of one atom (63 u) to obfain the number of atomsin 1 mẺ. 
We assume the atoms are In a uniform array, and we let /ÿ be the number oŸ atoms 
in a 1-m length; then ())(N)(N) = _NỶ equals the total number of atoms in 1 mề. 


SOLUTION The mass of 1 copper atom is 63u = 63 x 1.66 x 10” kg = 
1.05 x 10” kg. This means that in a cube of copper lm on a side 
(volume = 1 mỶ), there are 
§.9 x 10kg 
1.05 x 10” kg/atom 
The volume of a cube of side f¡s ƒ = #, so on one edge of the 1-m-long cube 


there are (8.5 x 105 atoms = 4.4 x 10?atoms. Hence the distance between 
neipghboring atoms 1s 


= 8.5 x 10?8atoms. 


1m 
4.4 x 10?atoms 


NOTE Watch out for units. Even though “atoms” is not a unit, 1t is helpful to 
include 1t to make sure you calculate correctly. 


= 2,7 1Ú “”“m; 


NOTE The distance between afoms 1s essentially what we mean when we speak of 
the s1ze or diameter of an atom. So we have calculated the size oŸ a copper atom. 


FIGURE 13-3 Expansion joint on 


13-2 Temp erature and Thermometers a bridge. Note center white line of 
A===...ơơơơớớơớaaơốeằ ểếểố.ốằố ẽ.ằahaccc‹:rctccpccce.eeeaera..eaeaea.na...- 
In everyday life, temperafure 1s a measure of how hot or cold something 1s. A hot k4) 


oven Is said to have a hiph temperature, whereas the ice of a frozen lake 1s said†O  FIGURE 13-4 Thermometers built 
have a low temperature. by the Accademia del Cimento 

Many properties of matter change with temperature. For example, most mate- (1657-1667) ¡n Florence, Italy, are 
rials expand when their temperature is increased.” An iron beam is longer when  among the earliest known. These 
hot than when cold. Concrete roads and sidewalks expand and contract sliphtly  sensitive and exquisite instruments 
according to temperature, which is why compressible spacers or expansion joints  contained alcohol, sometimes colored, 
(Eig. 13-3) are placed at regular intervals. The electrical resistance of matter like many thermometers today. 
changes with temperature (Chapter 18). So too does the color radiated by obJects, 
at least at hiph temperatures: you may have noticed that the heating element of an 
electric stove ølows with a red color when hot. At higher temperatures, solids such 
as Iron glow orange or even white. The white light from an incandescent 
lightbulb comes from an extremely hot tungsten wire. The surface temperafures 
of the Sun and other stars can be measured by the predominant color (more 
precisely, wavelengths) of light they emit. 

Instruments designed to measure temperature are called thermometers. 
There are many kinds of thermometers, but their operation always depends on 
some property of matter that changes with temperature. Many common thermom- 
eters rely on the expansion of a material with an Increase In temperature. The first 
1dea for a thermometer, by Galileo, made use of the expansion of a gas. Common 
thermometers today consist of a hollow glass tube filled with mercury or with alco- 
hol colored with a red dye, as were the earliest usable thermometers (Fig. 13-4). 


TMost materials expand when their temperature is raised, but not all. Water, for example, in the 
range 0°C to 4°C contracts with an increase in temperature (see Section 13-4). 


SECTION 13-2 Temperature and Thermometers 36T 


Tube 


Bulb (acts as ị 
a TeS€TVOIT) 


(a) (b) 
FIGURE 13-5 (a) Mercury- or 
alcohol-in-glass thermometer; 
(b) bimetallic strip. 


FIGURE 13-6 Photograph of a 
thermometer using a coiled 
bimetallic strip. 


FIGURE 13-7 Celsius and 
Fahrenheit scales compared. 
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Inside a common liquid-in-glass thermometer, the liquid expands more than 
the glass when the temperature 1s Increased, so the liquid level rises In the tube 
(Eig. 13—5a). Although metals also expand with temperature, the change in length 
of a metal rod, say, 1s eenerally too small to measure accurately for ordinary changes 
1n temperature. However, a useful thermometer can be made by bonding together 
two different metals with different rates of expansion (Eig. 13—-5b). When the 
temperature 1s Increased, the different amounts of expansion cause the bimetallic 
strip to bend. Often the bimetallic strip 1s In the form oŸÝ a coil, one end of which 
1s ñxed while the other 1s attached to a pointer, Hg. 13—6. Such thermometers are 
used as ordinary air thermometers, oven thermometers, automatic off switches 
1n electric coffeepots, and in room thermosfats for determining when the heater 
or alr condifioner should go on or off. Very precise thermometers make use of 
electrical properties (Chapter 18), such as resistance thermometers, thermocouples, 
and thermistors, often with a digital readout. 


Temperature Scales 


In order to measure temperature quantitatively, some sort of numerical scale musf 
be defined. The most common scale today 1s the Celsius or cenfigrade scale. In the 
United States, the Eahrenheit scale 1s common. The most Imporfant scale 1n scientific 
WOFrK 1s the absolute, or Kelvin, scale, and 1t will be discussed later In this Chapter. 

One way to defne a temperature scale 1s to assign arbitrary values to fwOo 
readlly reproducible temperatures. For both the Celsius and Fahrenheit scales 
these two fixed points are chosen to be the freezing point and the boiling pointÏ 
of water, both taken at standard atmospheric pressure. On the Celsius scale, the 
Íreezing poïnt of water 1s chosen to be 0°C (“zero degrees Celsius”) and the boiling 
point 100°C. On the Fahrenheit scale, the freezing point 1s defined as 32°E and 
the boiling point 212°E. A practical thermometer 1s calibrated by placing 1t in 
carefully prepared environments at each of the two temperatures and marking 
the posifion of the liquid or pointer. For a Celsius scale, the distance between the 
two marks 1s divided Into one hundred equal 1ntervals representing each degree 
between 0°C and 100°C (hence the name “centiprade scale” meaning “hundred 
steps”). For the Fahrenheit scale, the two points are labeled 32°E and 212°F and 
the distance between them 1s divided into 180 equal intervals. For temperafures 
below the freezing point of water and above the boiling point of water, the scales 
may be extended using the same equally spaced Intervals. However, thermome- 
ters can be used only over a limited temperature range because of their own 
limitations——for example, an alcohol-in-glass thermometer 1s rendered useless above 
temperatures where the alcohol vaporIzes. For very low or very hich temperatures, 
specialized thermometers are required, some of which we wIll mention later. 

Every temperature on the Celsius scale corresponds to a particular temperafture 
on the Fahrenheit scale, Eig. 13—7. To convert from one to the other, remember 
that 0°C corresponds to 32°F and that a range of 100” on the Celsius scale corre- 
sponds to a range of 180° on the Fahrenheit scale. Thus, one Fahrenheit degree (1 F°) 
corresponds to 100/180 = š of a Celsius degree (1 C°). That is, 1F° = ÿC°. 
(Notice that when we refer to a specific temperature, we say “degrees Celsius,” 
as in 20°C; but when we refer to a change 1n temperafure or a temperature 
inferual, we say “Celsius degrees,” as In “2 C°.”) The conversion between the two 
temperature scales can be written 

TC) = š[TŒF) - 32] 
OT 
T(F) = ‡7T(C) + 32. 


Rather than memor1zing these relations, 1t may be simpler to remember that 
0°C = 32°E and that a change of 5 C° = a change of 9 E?. 


“The freezing point of a substance is defined as that temperature at which the solid and liquid phases 
coexIst in equilibrium——that 1s, without any net liquid changing Into the solid or vice versa. EXperi- 
mentally, this is found to occur at only one definite temperature, for a given pressure. Similarly, the 
boiling poïnt is defined as that temperature at which the liquid and gas coexist in equilibrium. Since 
these points vary with pressure, the pressure must be specified (usually ¡t is 1 atm). 


EXAMPLE 13-2 / Taking your temperature. Normal body temperature 1s 
968.6°F. What 1s this on the Celsius scale? 
APPROACH We recall that 0°C = 32°F and that a change of 5 C? = 9ƑF°. 
SOLUTION First we relate the given temperature to the freezing point of wafer 
(0°C). That 1s, 98.6°F 1s 98.6 — 32.0 = 66.6 F? above the freezing point of water. 
Since each E° ¡is equal to ÿC”, this corresponds to 66.6 X ÿ = 37.0 Celsius 
degrees above the freezing point. The freezing point of water 1s 0°C, so normal 
body temperature 1s 37.0°C. 


*Standard Temperature Scale 


Different materials do not expand 1n quite the same way over a wide temperature 
range. Consequently, 1Ý we calibrate different kinds of thermometers exactly as 
described above, they will not usually agree precisely. 

Because of such discrepancies, some standard kind of thermometer must be 
chosen so that all temperatures can be precisely defined. The chosen standard for 
this purpose 1s the constanf-volume gas thermometer. As shown ïn the simplified 
diagram of Fig. 13-8, this thermometer consists of a bulb filled with a low- 
pressure øas connected by a thin tube to a mercury manometer (Section 10~6). 
The volume of the gas 1s kept constant by raIsing or lowering the ripht-hand tube 
of the manometer so that the mercury 1n the left-hand tube coincides with the 
reference mark. An Increase In temperature causes a proportional Increase 1n 
pressure In the bulb. Thus the tube must be lifted hipher to keep the gas volume 
consftant. The height of the mercury 1n the right-hand column 1s then a measure 
of the temperature. This thermometer gives the same results for all gases in the 
limt of reducing the gas pressure 1n the bulb toward zero. The resulting scale 
Serves as a basIs for the standard temperature scale. 


13—3 Thermal Equilibrium and the 
Zeroth Law of Thermodynamics 


TỶ two obJects at different temperatures are placed in thermal contact (meaning 
thermal energy can transfer from one to the other), the two objects will eventually 
reach the same temperature. They are then said to be in thermal equilibrium. For 
example, you leave a fever thermometer in your mouth until 1t comes 1nto thermal 
equilibrium with that environment; then you read it. Two obJects are defined 
to be 1n thermal equilibrium 1ƒ, when placed In thermal contact, no net energy 
flows from one to the other, and the1r temperatures don't change. 


*The Zeroth Law of Thermodynamics 


Experiments Indicate that 


IÝ two sysfems are in thermal equilibrium with a third system, then they are in 
thermal equilibrium with each other. 


Thịs postulate 1s called the zeroth law of thermodynamics. It has this unusual 
name because 1t was not until after the first and second laws of thermodynamIcs 
(Chapter 15) were worked out that scientists realized that this apparently obvious 
postulate needed to be stated first. 

Temperature 1s a property of a system that determines whether the system 
will be 1n thermal equilibrium with other systems. When two systems are In ther- 
mai equilibrium, their temperatures are (by definition) equal, and no net thermal 
energy 1s exchanged between them. This 1s consistent with our everyday notion 
Of temperature: when a hot obJect and a cold one are put into contact, they even- 
tually come to the same temperature. Thus the Importance of the zeroth law 1s 
that 1t allows a useful definitlon of temperature. 


Â*CAUTION 
Con0ert temperature by 


remembering 0°C = 32°EF and a 


change öoƒ 5 C° = 9ƑF° 


Reference 
mark 


Mercury 


Connecting 
hose 


FIGURE 13-8 Constant-volume gas 


thermometer. 


SECTION 13-3 Thermail Equilibrium and the Zeroth Law of Thermodynamics 


363 


15-4 Thermal Expansion 


Most substances expand when heated and contract when cooled. However, the 
amount of expansion or contracfion varies, depending on the material. 


Linear Expansion 


Experiments indicate that the change in length A# of almost all solids is, to a good 
approximation, directly proportional to the change 1n temperature A7, as long as 
AT 1s not too large. The change mm length 1s also proportional to the original 
lenpth of the object, fạ. That is, for the same temperature increase, a 4-m-long 


: Đọ : 1ron rod wIll increase in length twice as much as a 2-m-long 1ron rod. We can 
Ni write this proportionality as an equatIon: 
0 \ ) 
>|Ä j2 At = al)\AT, (13-1a) 
Sài — where ø, the proportionality consfant, 1s called the coefficient of linear expansion 


for the particular material and has units of (C°)!. We write f = fạ + AI, 
FIGURE 13-9 A thin rod of lensthfe  Hig. 13-9, and rewrifte this equation as 

at temperature 7ọ 1s heated to a new 

uniform temperature 7'and acquires { = %(1 +ơ AT), (13-1b) 


length f, where £ = fạ + Af. 
where fọ 1s the length initially, at temperature 7ạ, and f is the length after heating 


Or cooling to a temperature 7. If the temperature change A7 = T — Tụ 1s nega- 
tive, then A# = £— ; 1s also negative; the length shortens as the temperature 
decreases. 

The values of ø for various materials at 20°C are listed in Table 13—1. Actu- 
ally, œ does vary sliphtly with temperature (which is why thermometers made of 
different materials do not apree precisely). However, If the temperature range Is 
not too great, the variation can usually be Ignored. 


TABLE 13-1 Coefficients of Expansion, near 20°C 


Cocfficient of Linear Coefficient of Volume 


Material Expansion, œ (C°)"! Expansion, 8 (C°)"! 
Solids 
Aluminum 25 + 105 75 x 105 
Brass 19 x 105 56 x 105 
Copper 17 x 1075 50 x 105 
Gold 1ã % 105 4 % 105 
Iron or steel 13 % 10" 35 x 105 
Lead 29 x 105 87 x 105 
Glass (Pyrex”) 3x 109 9x 10% 
Glass (ordinary) 9x 10% 27 x 1075 
Quartz 0.4 x 10” 1x 105 
Concrete and brick 12 x 105 36 x 105 
Marble 1.44-3.5 x 10% 4-10 x 105 
Liquids 
Gasoline 950 x 105 
Mercury 180 x 1076 
Ethyl alcohol 1100 x 1075 
Glycerin 500 x 10” 
Water 210 x 105 
Œases 


ATr (and most other øases 
at atmospheric pressure) 3400 x 108 
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EXAMPLE 13-3 | Bridge expansion. The steel bed ofa suspension bridge 1s 
200m long at 20°C. TỶ the extremes oŸ temperature to which 1t mipht be exposed 
are —30°C to +40°C, how much wIll it contract and expand? 


APPROACH We assume the bridge bed will expand and contract linearly with 
temperature, as øIven by Eq. 13—1a. 


SOLUTION From Table 13-1, we find that œ = 12 x 10ˆ(C°) 1 for steel. The 
Iincrease 1n length when tt 1s at 40°C wIll be 


AP = aøflạAT = (12 x 105/C°)(200m)(40°C — 20°C) = 4.8 x 102m, 
or 4.8 cm. When the temperature decreases to —30°C, A7'= —50C”. Then 
Af = (12 x 105/C°)(200m)(—50C°) = -—12.0 x 102m, 


or a decrease In length of 12cm. The total range the expansion Joints musf 
accommodate Is 12cm + 4.8cm + 17cm (Fig. 13-3). 


CONCEPTUAL EXAMIPLE 13-4 | Do holes expand or contract? If you heat a 
thin, circular ring (Fig. 13—10a) in the oven, does the ring”s hole get lareer or smaller? 


RESPONSE Tf you guessed that the metal expands into the hole, making the 
hole smaller, ¡t is not so. Imagine the ring ¡s solid, like a coin (Fig. 13-10). 
Draw a circle on 1t with a pen as shown. When the metal expands, the mafterial 
1nside the circle will expand along with the rest of the metal; so the dashed circle 
expands. Cutting the metal where the circle 1s shows that the hole in Eig. 13—10a 
I1ncreases in điameter. 


€ Ếss >3 3 
FIGURE 13-11 


Example 13-5. 


|-6.445 cm~> 


Ring on a rod. An ïiron ring ¡s to ft snugly on a cylindrical 
1ron rod (Fig. 13—11). At 20°C, the điameter of the rod is 6.445 cm and the inside 
diameter of the ring 1s 6.420 cm. To slip over the rod, the ring must be slightly 
larger than the rod diameter by about 0.008 cm. To what temperature must the ring 
be brought 1f 1ts hole 1s to be large enoupgh so 1t will slip over the rod? 
APPROACH The hole in the ring must be increased from a diameter of 6.420 cm 
to 6.445cm + 0.008cm = 6.453cm. The ring must be heated since the hole 
điameter will increase linearly with temperature (Example 13-4). 


SOLUTION We solve for A7in Eq. 13—1a and find 


AT = At _ _ 6.453 bà. — 6420n  _ 430 C°. 
œfl (12 x 105/C°)(6.420cm) 


So the ring must be raised at least to 7 = (20°C + 430C°) = 450°C. 


NOTE In doïng Problems, do not forget the last step, adding In the initial tem- 
perature (20°C here). 


CONCEPTUAL EXAMIPLE 13-6 | Opening a tight jar lid. When the lid of 


a glass Jar 1s tight, holding the lid under hot water for a short time wIÏll often make 
1t easier to open (Fig. 13-12). Why? 
RESPONSE The lid may be struck by the hot water more directly than the 


ølass and so expand sooner. But even 1f not, metals generally expand more than 
glass for the same temperature change (ø is ereater—see Table 13-1). 


€@ÒpHvysics APPLIED 


Expamsion In Sirucfures 


(a) (b) 
FIGURE 13-10 Example 13-4. 


FIGURE 13-12 Example 13~6. 


€@ÒpHvysics APPLIED 
Opening a tight lid 
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€đÒpnvysics APPLIED 
Œas tank ouerfÏo+0 


FIGURE 13-13 Behavior of water as 
a function of temperature near 4°C. 
(a) Volume of 1.00000 gram of water 
as a function of temperature. 

(b) Density vs. lộ lá Do [Note 
the break in each axis.] 
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Volume Expansion 


The change in øølưưne of a material which undergoes a femperature change 1s 
gIven by a relation similar to Eq. 13—1a, namely, 


AV = BWAT, (13-2) 


where Wọ 1s the original volume, AV 1s the change in volume when the tempera- 
ture changes by A7, and 6 is the coefficient of volume expansion. The units of 8 
are (C°) 1 

Values of 8 for various materlals are given In Table 13-1. Notice that for 
solids, 8 is normally equal to approximately 3œ. Note also that near expansion 
has no meaning for liquids and gases because they do not have fixed shapes. 

Equations 13—1 and 13-2 are accurate only If Aƒ (or AV) is small compared 
to fọ (or Wọ). Thịs 1s of particular concern for liquids and even more so for øases 
because of the large values of 8. Furthermore, Ø Itself varies substantially with 
temperature for øases. Therefore, a more convenient way of dealing with øases 1s 
needed, and will be discussed starting in Section 13—5. 


Gas tank in the Sun. The 70-liter (L) steel gas tank of a 
car 1s filled to the top with gasoline at 20°C. The car sifs in the Sun and the tank 
reaches a temperature of 40°C (104°E). How much gasoline do you expect to 
overflow from the tank? 

APPROACH Both the gasoline and the tank expand as the temperafure Increases, 
and we assume they do so linearly as described by Eq. 13-2. The volume of 
overflowing gasoline equals the volume Increase of the gasoline minus the 
1ncrease in volume of the tank. 


SOLUTION The gasoline expands by 
AV = BWAT = (950 x 105/C°)(70L)(40°C — 20°C) 
= 1.3L. 


The tank also expands. We can think oŸ1t as a steel shell that undergoes volume 
expansion (8 = 35 x 10 5/C° 3œ). If the tank were solid, the surface layer 
(the shell) would expand Just the same (as in Example 13-4). Thus the tank 
1ncreases In volume by 


AV = (35 x 105/C°)(70L)(40°C - 20°C) = 0.049L, 


so the tank expansion has little effect. More than a liter of gas could spIll out. 


Anomalous Behavior of Water Below 4°C 


Most substances expand mơre or less uniformly with an Increase In temperature, 
as long as no phase change occurs. Water, however, does not follow the usual pat- 
tern. If water at 0”°C 1s heated, 1t actually đecreases 1n volume until 1t reaches 4°C. 
Above 4°C water behaves normally and expands in volume as the temperafure 1s 
Iincreased, Eig. 13—13. Water thus has 1ts greatest density at 4C. This anomalous 
behavior oŸ water 1s of great Importance for the survival of aquatic hfe during 
cold winters. When water m a lake (or river) 1s above 4°C and begins to cool by contact 
with cold air, the water at the surface sinks because 1t 1s denser. It 1s replaced by 
warmer water from below. This mixing continues until the temperature of the entire 
lake reaches 4°C. As the surface water cools further, 1t remains on the surface 
because 1t 1s less dense than the 4°C water below. Water thus freezes first at the 
surface, and the Ice remains on the surface since ice (specific gravity = 0.917) 1s 
less dense than water. The water at the bottom remains liquid unless 1 1s so cold 
that the whole body of water freezes. IÝ water were like most substances, becoming 
more dense as 1t cools, the water at the bottom of a lake would be frozen first. 
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Lakes would freeze solid more easily because circulation would bring the warmer 
water to the surface to be efficiently cooled. The complete freezing of a lake would @® PHYSICS APPLIED 
cause severe damage to 1s plant and animail hife. Because of the unusual behavior Liƒe under ice 
of water below 4C, 1t 1s rare for any large and deep body of water to Íreeze 
completely, and this 1s helped by the layer of 1ce on the surface which acts as an 
1nsulator to reduce the flow of heat out of the water into the cold atr above. Without 
this peculiar but wonderful property of water, life on this planet as we know 1t 
might not have been possIble. 
Not only does water expand as 1t cools from 4°C to 0°C, it expands even more 
as 1t Íreezes fO Ice. Thịĩs 1s why 1ce cubes float in water and pipes break when water 
1nside them freezes. 


*Thermail Stresses 


In many situations, such as in buildings and roads, the ends of a beam or slab of 
material are rigidly fixed, which greatly limits expansion or contraction. If the 
temperature should change, large compressive or tensile stresses, called thermal 
sfresses, will occur. The magnitude of such stresses can be calculated using the 
concept of elastic modulus developed in Chapter 9. To calculate the Internal 
Stress in a beam, we can think of this process as occurring In tfwo steps: (1) the 
beam tries to expand (or contract) by an amount Af given by Edq. 13-1; (2) the 
solid in contact with the beam exerts a force to compress (or expand) ït, keeping 
1t at 1ts Original length. The force # required 1s g1ven by Eq. 9-4: 

1Ƒ 
EA 
where # 1s Young 's modulus for the material. To calculate the Internal stress, 
F/A, we then set Afin Eq. 13—1a equal to Aƒ# in the equation above and find 


Af = !, 


1F 
tAT = —=—l 
œt EA? 
Hence, the stress IS 
F 
— = œÈEAT. 


A 


For example, 1ƒ 10-m-long concrete slabs are placed touching each other in a new 
park you are designing, a 30°C increase in temperature would produce a stress 
F/A = œE AT = (12 x 10ˆ5/C°)(20 x 10”N/m?)(30 C°) = 7.2 x 10 N/mZ. That 
síress would exceed the shear strength of concrete (Table 9—2), no doubt causing 
fracture and cracks. This is why soft spacers (or expansion joints) are placed between 
slabs on sidewalks and hiphways. 


13—5 The Gas Laws and 
Absolute Temperature 


Equation 13-2 1s not useful for describing the expansion of a øas, partly because 
the expansion can be so great, and partly because gases generally expand to filI 
whatever contamer they are 1n. Indeed, Eq. 13—2 1s meaningful only 1f the pres- 
sure 1s kept constant. The volume of a gas depends very much on the pressure as 
well as on the temperature. It 1s therefore valuable to determine a relation 
between the volume, the pressure, the temperature, and the quantity of a gas. Such 
a relation is called an equafion of state. (By the word s/z/e, we mean the physical 
condition of the system.) 

TỶ the state of a system 1s changed, we wIll always waIf until the pressure and 
temperature have reached the same values throughout. We thus consider only 
equilibrium sfafes of a system——when the variables that describe it (such as tem- 
perature and pressure) are the same throuphout the system and are not changing in 
time. We also note that the results of this Section are accurate only for gases that 
are not too dense (the pressure 1s not too hiph, on the order of an atmosphere 
or less) and not close to the liquefaction (boiling) point. 
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FIGURE 13-14 Pressure vs. volume 
of a fixed amount oŸ gas at a 
consfant temperature, showing the 
1nverse relationshIp as øIven by 
Boyle”s law: as the pressure 
đecreases, the volume 1ncreases. 


FIGURE 13-15 Volume of a fixed 
amount of gas as a function of 

(a) Celsius temperature, and 

(b) Kelvin temperature, when the 
pTressure 1s kept consfant. 
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For a ø1ven quantity oŸ gas 1t 1s found experimentally that, to a good approxXI- 
mation, fhe 0olumne oŸ a gas is Inuersely proportional to the absolute pressure 
applied to ¡t tuhen the temnperature ¡s kept constami. That 1s, 


W œ ` [constant 7] 
P 

where  ¡s the absolute pressure (zø “gauge pressure”——see Section 10-4). For 
example, 1f the pressure on a gas 1s doubled, the volume 1s reduced to half 1ts 
original volume. This relation 1s known as Boyle% law, after the Englishman 
Robert Boyle (1627—1691), who first stated it on the basis of his own experimenfs. 
A graph of Pvs. V for a fixed temperature 1s shown In Eig. 13—14. Boyle”s law can 
also be written 

PV = 
for a fixed quantity oŸ a gas kept at constant temperature. If either the pressure 
or volume of a fixed amount of gas 1s allowed to vary, the other variable also 
changes so that the product PV remains constant. 

Temperature also affects the volume of a gas, but a quantitative relationshIip 
between V and 7'was not found until more than a century after Boyles work. 
The Frenchman Jacques Charles (1746—1823) found that when the pressure 1s not 
too hiph and 1s kept constant, the volume of a gas Increases with temperature at 
a nearly linear rate, as shown 1n Fig. 13—15a. However, all øgases liquefy at low 
temperatures (for example, oxygen liquefies at —183°C), so the graph cannot be 
extended below the liquefaction point. Nonetheless, the graph 1s essentially a 
straipht line and 1 projected to lower temperatures, as shown by the dashed line, 
1f Crosses the axIs at about —273°C. 

Such a graph can be drawn for any gas, and a straight line results which 
always proJects back to —273°C at zero volume. This seems to imply that 1 a gas 
could be cooled to —273°C, 1t would have zero volume, and at lower tempera- 
tures a negative volume, which makes no sense. It could be argued that —273°C 
1s the lowest temperature possible; indeed, many other more recent experIments 
Iindicate that this 1s so. This temperature 1s called the absolute zero of tempera- 
ture. Its value has been determined to be —273.15°C. 

Absolute zero forms the basis of a temperature scale known as the absolute 
scale or Kelyin scale, and it ¡s used extensively In sclentific work. On this scale 
the temperature 1s specified as degrees Kelvin or, preferably, simply as kelyins (K) 
without the degree sign. The Intervals are the same as for the Celsius scale, but 
the zero on this scale (0 K) is chosen as absolute zero. Thus the freezing point of 
water (0°) is 273.15 K, and the boiling point of water 1s 373.15 K. Indeed, any 
temperature on the Celsius scale can be changed to kelvins by adding 273.15 to 1t: 


T(K) = TC) + 273.1. 


Now let us look at Eig. 13—15b, where the graph of the volume of a gas Versus 
absolute temperature 1s a straipht line that passes through the origin. Thus, to a 
good approxImation, (he 0olume öƒa fixed quanfify oƒ gas is directly proportional 
to the absolute temperature tuhen the pressure is kept constami. Thịĩs 1s known as 
Charles?s law, and 1s written 


VW œ T. 


A thírd gas law, known as Gay-Lussacs law, after Joseph Gay-Lussac 
(1778-1850), states that af constant 0olưưne, the absolute pressure oƒa fixed quamtify 
öoƒa gas is directly proportional to the absolufe temperafture: 


P`% T1. 


The laws of Boyle, Charles, and Gay-Lussac are not really laws In the sense 
that we use this term today (precise, deep, wide-ranging validity). They are really 
only approxIimafions that are accurate for real gases only as long as the pressure 
and density of the gas are not too high, and the gas 1s not too close to liquefaction 
(condensation). The term /zøo applied to these three relationships has become 
traditional, however, so we have stuck with that usage. 


constant [constant 7] 


[constant P] 


[constant V] 
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CONCEPTUAL EXAMIPLE 13-8 | Why you should not put a closed glass @® PHYSICS APPLIED 
jar Into a campfire. What could happen If you tossed an empty glass Jar, with Throtuing a jar imto a campfire 
the lid on tight, into a fire, and why? 


RESPONSE The inside of the Jar is not empty. It is filled with air. As the fire 
heafs the aIr Inside, 1s temperature rises. The volume of the glass Jar changes 
only slightly due to the heating. According to Gay-Lussac”s law the pressure P of 
the arr inside the Jar can increase enough to cause the Jar to explode, throwing 
ølass pieces outward. 


13-6 The Ideal Gas Law 


The gas laws of Boyle, Charles, and Gay-Lussac were obtained by means of an 
1mportant scientific technique: namely, considering one quantity and ho i† is 
aƒfected by changing only one other 0ariable, keeping all other 0ariables constqmt. 
These laws can now be combined Into a single more general relation among all 
three variables——absolute pressure, volume, and absolute temperature of a fixed 
amOount of gas: 


PV cœ T. 


This relation Indicates how any of the quantitIes P, V, or 7 wIll vary when the 
other two quantities change. This relation reduces to Boyle*s, Charles”s, or 
Gay-Lussac”s law when either 7, P, or V, respectively, is held constant. 

Finally, we must Incorporate the effect of the amount oŸ gas present. For exam-  Kc 
ple, when more aïr is forced into a balloon, the balloon gets bigser (Fig. 13-16). FIGURE 13-16 Blowing up a 
Indeed, careful experiments show that at constant temperature and pressure, the balloon means pu(ting more air 
volume V of an enclosed gas increases in direct proportion to the mass ø of gas _ (more air molecules) into the 


present. Hence we write balloon, which 1ncreases Its volume. 
The pressure 1s nearly constant, at 
PV œ mÏ. atmospheric pressure, except for the 


small effect of the balloon”s elasticity. 
This proportion can be made Into an equation by inserting a constanft oŸ prOpOT- 
tionality. Experiment shows that this constant has a different value for different 
gases. However, the constant of proportionality turns out to be the same for all 
gases 1ƒ, Instead of the mass z, we use the number Of moles. 

The “mole” 1s an official SI unit for the amount of substance. One mole 
(abbreviated mol) is the amount of substance that contains 6.02 x 10? objects 
(usually atoms, molecules, or ions, etc.). This number 1s called A0ogadro% number, 
as điscussed 1n Section 13-8. Its value comes from measurements. The mole”s 
precIse defintion 1s the number of atoms In exactly 12grams of carbon-12 
(page 360). 

Equivalently, 1 mol 1s that amount of substance whose mass In gørams 1s 
numerically equal to the molecular mass of the substance (Section 13-1). For 
example, the mass of 1 mole of CO; ¡is [12 + (2 x 16)]| = 44g because carbon 
has atomic mass of 12 and oxygen 16 (see Periodic Table inside the rear cover). 

In general, the number of moles, z, in a given sample of a pure substance 1s 
equal to the mass of the sample In grams divided by the molecular mass specifled 
as prams per mole: 


mass (pgrams) 
7ñ (mole) = molecular mass (g/mol) 


For example, the number of moles in 132 øg of CO; (molecular mass 44 u) 1s 


132g 
n = ————— = 3.0mol. 
44 g/mol 
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1DEAL GAS LAW 


$*CAUTION 
Ahuays giue Tin keluins and 
Pas absolute (not gauge) pressure 


li PROBLEM SOLVING 
1 mol oƒ gas at STP has V = 22.4L 


W© can now write the proportion above (PV œ z7) as an equation: 
PV = nRT, (13-3) 


where 7 represenfs the number of moles and #® 1s the constant of proportionality. 
Ñ Is called the universal øas constant because 1ts value 1s found experimentally to 
be the same for all gases. The value of Ẩ, in several sefs of unifs (only the first Is 
the proper SÌ unït), Is 


R = 8.314]/(mol:K) [SIunits] 
= 0.0821 (L-atm)/(mol-K) 
=_1.99calories/(mol-K).! 


Equation 13-3 1s called the ideal gas law, or the equafion of state for an ideal gas. 
W©e use the term “ideal” because real gases do not follow Eq. 13—3 precIsely, par- 
ticularly at hich pressure (and density) or when the øas is near the liquefaction point 
(= boiling point). However, at pressures less than an atmosphere or so, and when 
T'1s not close to the liquefaction point of the gas, Eq. 13—3 1s quite accurate and 
useful for real øases. 

Always remember, when using the ideal gas law, that temperatures must be 
gøiven ¡in kelvins (K) and that the pressure P must always be øbsole pressure, nof 
gauge pressure (Section 10-4). 


EXERCISEA Return to the Chapter-Opening Question, page 359, and answer It again 
now. Try to explain why you may have answered differently the first time. 


EXERCISEB_ An ideal gas is contained ïn a steel sphere at 27.0°C and 1.00 atm absolute 
pT€ssure. IÝno gas 1s allowed to escape and the temperafure is raised to 127°C, what will 
be the new pressure? (z) 0.21 atm; (0) 0.75 atm; (c) 1.00 atm; (2đ) 1.33 atm; (e) 4.7 atm. 


13-27 Problem Solving with the 
Ideal Gas Law 


The ideal gas law 1s an extremely useful tool, and we now consider some Examples. 
We wIill often refer to “standard conditlons” or standard temperafure and pressure 
(STP), which means: 


T =273K (0C) and P =1.00atm = 1.013 x 107N/m = 101.3 kPa. 


EXAMPLE 13-9 | Volume of one mole at STP. Determine the volume of 
1.00 mol of any gas, assuming 1t behaves like an ideal gas, at ŠTP. 


APPROACH We use the ideal gas law, solving for Vƒ with ø = 1.00 mol. 
SOLUTION We solve for Vin Eq. 13—3: 
nRT (1.00 mol)(8.314 J/mol-K)(273 K) 


V= = = 224 X 10 ”m. 
; (1.013 x 10°N/m?) 


Since 1 liter (L) is 1000 cm” = 1.00 x 103m”, 1.00 mol of any (ideal) gas has 
volume W = 22.4L atSTP 


The value of 22.4 L for the volume of 1 mol of an ideal gas at STTP 1s worth 
remembering, for 1t sometimes makes calculation simpIer. 


EXERCISE €_ What is the volume of 1.00 mol of ideal gas at 546 K (= 2 x 273K) and 
2.0 atm absolute pressure? (ø) 11.2 L; (5) 22.4L; (c) 44.8 L; (4) 67.2 L; (e) 89.6 L. 


ÏSometimes it is useful to use ® as given in terms of calories; calories will be defined in Section 14-1. 
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Helium balloon. A helium party balloon, assumed to be 
a perfect sphere, has a radius of 18.0 cm. At room temperature (20°C), 1ts internal 
pressure 1s 1.05 atm. Find the number of moles of helium mm the balloon and the 
mass of helium needed to mflate the balloon to these values. 


APPROACH We can use the ideal gas law to find 7, since we are given Pand 7, 
and can find V from the given radius. 


SOLUTION_ We get the volume V from the formula for a sphere: 
V = 3mrẺ 
= ‡7 (0.180m)? = 0.0244 m. 
The pressure is given as 1.05 atm = 1.064 x 107N/m”. The temperature must 


be expressed in kelvins, so we change 20°C to (20 + 273)K = 293K. Einally, 
we use the value ® = 8.314J/(mol:-K) because we are using SI units. Thus 
PV (1064 x 107N/m”)(0.0244m') 


= = =_ 1.066 mol. 
TT RT (8.314 J/mol-K)(293 K) ò— 


The mass of helium (atomic mass = 4.00 g/mol as given ¡in the Periodic Table 
or Appendix B) can be obtained from 


mass = #  molecularmass = (1.066 mol)(4.00g/mol) = 4.26 g 
or 4.26 X 10 kg. 


EXAMIPLE 13-11 ¡ ESTIMATE | Mass of aïr in a room. Estimate the mass 


Of aIr in a room whose dimenslons are 5m X 3m Xx 2.5m hịph, at STP. 


APPROACH First we determine the number of moles z using the ø1ven volume. 
Then we can multiply by the mass of one mole to get the total mass. 


SOLUTION Example 13-9 told us that 1 mol of a gas at 0°C has a volume of 
22.4L = 22.4 x 103m. The room's volume is 5m x 3m x 2.5m, so 


(5 m)(3 m)(2.5m) 
22.4 x 10” m”/mol 


Air is a mixture of about 20% oxygen (O;) and 80% nitrogen (N;). The molecular 
masses are 2 <X 16u = 32u and 2 x 14u = 28u, respectively, for an average 
of about 29u. Thus, 1 mol of air has a mass of about 29 g = 0.029 kø, so our 


room has a mass OŸ alr ® 
PHYSICS APPLIED 
m ® (1700mol)(0.029kg/mol) + 50kg. 5loxtsed rộn? 


NOTE That is roughly 100 Ib of air! in a room is sigmificant 


+ 1700 mol. 


EXERCISED At20°C, would there be (4) more, () less, or (c) the same mass OÝ aïr in a 
room than at 0°C? 


Frequently, volume 1s specifed In liters and pressure in atmospheres. Rather 
than convert these to SĨ unis, we can Instead use the value of  given im 
Section 13-6 as 0.0821 L-atm/mol-K. 

In many situations 1t 1s not necessary to use the value of ® at all. For example, 
many problems 1nvolve a change In the pressure, temperature, and volume oŸ a # PROBLEM SOLVING 
fixed amount of øas. In this case, PV/7' = núÑ = constant, since ú0 and #remain  Usiig (he ideal gas laa0 as a ratio 
constant. IÝ we now let ¡, W¡, and 7¡ represent the appropriate variables mmtially, 
and ;, W;, 7; represent the variables after the change 1s made, then we can wri(e 


TịY) _ 212 

Thì T7 
TỶ we know any five of the quantifies In this equation, we can solve for the sixth. 
Ór, If one of the three variables is constant (Wị = M;, or P,= Đ, or Tị = 7) 
then we can use this equafion to solve for one unknown when given the other 
three quantitIes. 


[fixed n] 
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FIGURE 13-17 Example 13-12. 


A0ogadro% number 


TDEAL GASLAW 
(in terms oƒ molecules) 


EXAMPLE 13-12 | Check tires cold. An automobile tire is fñilled (Fig. 13—17) 
to a pauge pressure of 210 kPa (= 30 psi) at 10°C. After a drive of 100 km, the 
temperature within the tire rises to 40°C. What is the pressure withim the tire now? 


APPROACH We do not know the number of moles of gas, or the volume of the 
tire, but we assume they are constant. We use the ratio form of the ideal gas law. 


SOLUTION Since Vị = W;, then 

EU. đa 

TT; 
Thịs 1s, incidentally, a statement of Gay-Lussac”s law. Since the pressure g1ven 1s 
the gauge pressure (Section 10-4), we must add atmospheric pressure (= 101 kPa) 


to øet the absolute pressure ¡ = (210kPa + 101 kPa) = 311 kPa. We convert 
temperatures to kelvins by adding 273 and solve for #2: 


T: 313K 
Tim "($) = 3# 10a) ] = 344kPa. 
1 


Subtracting atmospheric pressure, we find the resulting gauge pressure to be 
243 kPa, which 1s a 16% Increase (= 35 psl). 


NOTE This Example shows why car manuals emphasize checking tire pressure 
when the tires are cold. 


13—8 Ideal Gas Law in Terms of 
Molecules: Avogadro s Number 


The fact that the gas constant, Ẩ, has the same value for all gases 1s a remarkable 
reflection of simplicity 1n nature. It was first recognized, although in a slightly 
different form, by the Italian scientist Amedeo Avogadro (1776—1856). Avogadro 
stated that equal uolumes oƒ gas at the same pressure and tenpDerdture contain 
cqual nưmbers öƒ molecules. Thịs 1s sometimes called Avogadro?s hypothesis. 
That this 1s consistent with # being the same for all gases can be seen as follows. 
From Eq. 13-3, PV = nÑT, we see that for the same number of moles, z, and the 
same pressure and temperature, the volume will be the same for all gases as long 
as Ñ 1s the same. Second, the number of molecules in 1 mole 1s the same for all 
gases (see page 369). Thus Avogadro”s hypothesis is equivalent to # being the same 
for all gases. 

The number of molecules In one mole of any pure substance 1s known as 
Avogadro?s number, W„. Although Avogadro conceived the notion, he was nof 
able to actually determine the value of ÉWA.. Indeed, precise measuremenfts were 
not done until the twentieth century. 

A number of methods have been devised to measure W„, and the accepted 
value today 1s (see Inside front cover for more precise value) 


ÑẰ, = 602 * 10”. [molecules/mole] 


Since the total number of molecules, , In a gas 1s equal to ¿ times the number 
of moles (W = #WẠ), then the ideal gas law, Eq. 13-3, can be written in terms of 
the number of molecules present: 


or 
PV = NET, (13-4) 


where k = R/Na is called the Boltzmamn consfanf and has the value 


R _ 8314J/mol-K 
k=—= ....... 
Nà 6.02 x 10/mol 
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Hydrogen atom mass. Use Avogadro's number to deter- 
mine the mass of a hydrogen atom. 
APPROACH The mass of one atom equals the mass of 1 mol divided by the 
number of atoms In 1 mol, Ma. 
SOLUTION One mole of hydrogen atoms (atomic mass = 1.008 u, Section 13—1 
or Appendix B) has a mass of 1.008 x 10 Ÿkg and contains 6.02 x 10” atoms. 
Thus one atom has a mass 

1.008 x 103kg 


6.02 x 103 
NOTE Historically, the reverse was done: a precise value of WA was obtained 
from a precise measurement of the mass of the hydrogen atom. 


EXAMPLE 13-14 _ESTIMATE | How many molecules in one breath? Esti- 


mate how many molecules you breathe In with a 1.0-L breath of a1. 


APPROACH We determine what fraction of a mole 1.0 L 1s using the result of 
Example 13-9 that 1 mole has a volume oŸf22.4 L at SŸFP, and then multiply that 
by MA to get the number of molecules In this number of moles. 


SOLUTION One mole corresponds to 22.4L at STP, so 1.0L of ar 1s 
(1.0L)/(22.4L/mol) = 0.045 mol. Then 1.0 L of aïr contains 


(0.045 mol)(6.02 x 10? molecules/mole) 3 x 10molecules. 


13—9 Kinetic Theory and the Molecular 
Interpretation of Temperature 


The analysis of matfer 1n terms of atoms 1n contIinuous random motion 1s called 
kinetic theory. We now investigate the properties oŸ a gas from the poInt OŸ view 
of kmetic theory, which 1s based on the laws of classical mechanics. But to apply 
Newton”s laws to each one of the vast number of molecules in a gas (>10/mỶ at 
STP) 1s far beyond the capability of any present computer. Instead we take a sta- 
tistical approach and determine averages of certain quantities, and connect these 
averages to macroscopIc variables. We will demand that our microscopIc description 
correspond to the macroscopIc properties Of øases; otherwise our theory would be 
of little value. Most Iimportantly, we wIll arrive at an Important relation between 
the average kinetic energy of molecules in a gas and the absolute temperature. 

We make the following assumptions about the molecules In a gas. These 
assumptions reflect a simple view of a gas, but nonetheless the results they predict 
correspond well to the essential features of real øases that are at low pressure 
and are far from the liquefaction point. Under these conditions real gases follow the 
1deal gas law quite closely, and indeed the gas we now describe 1s referred to as 
an ideal gas. The assumptions representing the basic postulates of kinetic theory 
for an 1deal øas are: 

1. There are a large number of molecules, W, each of mass 7#, moving 1n random 
đirections with a variety ofspeeds. This assumption aprees with our observation 
that a gas fills 1fs container and, in the case of air on Earth, 1s kept [rom 
escaping only by the force Of øTavIty. 

2. The molecules are, on average, far apart from one another. That is, the1Ir average 
Separafion 1s much greater than the diameter of each molecule. 

3. The molecules are assumed to obey the laws of classical mechanics, and are 
assumed to mferact with one another only when they collide. Although molecules 
exert weak attractive forces on each other between collisions, the potential 
energy associated with these forces 1s small compared to the kinetic energy. 

4. Collisions with another molecule or the wall of the vessel are assumed to be 
perfectly elastic, like the collisions of perfectly elastic billiard balls (Chapter 7). 
We© assume the collisions are of very short durafion compared to the time 
between collisions. Then we can 1gnore the potential energy associated with 
collisions In comparison to the kinetic energy between collisions. 


= L7 x 10?'kg. 
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(b) 


FIGURE 13-18 (a) Molecules of a 
gas moving about In a rectangular 
container. (b) Arrows Indicate the 
momentum of one molecule as If 
rebounds from the end wall. 


W can see how this kinetic view oŸa gas can explain Boyle”s law (Section 13—5). 
The pressure exerted on a wall of a container of gas 1s due to the constant bom- 
bardment of molecules. If the volume is reduced by (say) half, the molecules are 
closer together and twice as many wIll be striking a g1ven area of the wall per second. 
Hence we expect the pressure to be twice as øreaf, in aøreement with Boyle”s law. 

Now let us calculate quantitatively the pressure a øas eXertS On 1s container In 
terms O0 microscopIc quantities. We 1Imagine that the molecules are 1nside a rectangular 
container (at rest) whose ends have area 44 and whose length is É, as shown In 
Hig. 13—-16a. The pressure exerted by the gas on the walls of 1s container 1s, 
according to our model, due to the collisions of the molecules with the walls. Let 
us focus our attention on the wall, of area 44, at the left end of the container and 
examine what happens when one molecule strikes this wall, as shown In Eig. 13—18b. 
This molecule exerfs a force on the wall, and according to Newton”s third law 
the wall exerts an equal and opposite force back on the molecule. The magnitude 
Of this force on the molecule, according to Newton”s second law, 1s equal to the 
molecule”s rate of change of momentum, # = A(zzo)/Aí (Eq. 7-2). Assuming 
the collision 1s elastic, only the x component of the molecule”s momentum changes, 
and it changes from —zx (1t is moving in the negative x direction) to +zz»x. Thus 
the change in the molecule°s momentum, A(7z›), which 1s the final momentum 
minus the Iniftial momenftum, 1s 


A(m) = muy — (—muy) = 2m0y 
for one collision. This molecule wIll make many collisions with the wall, each 


separated by a time Aí/, which 1s the time 1t takes the molecule to travel across 
the container and back again, a distance (x component) equal to 2ý. Thus 2# = %y Aí, 
Or 2p 

Đy 
The time Af between collisions with a wall 1s very small, so the number of colli- 
Sions per second 1s very large. Thus the average force—averaged over many 
collisions—wll be equal to the momentum change during one collision divided 
by the time between collisions (Newton”s second law, Eq. 7-2): 

AÚm) _ 2muy _ muy 
Af 2l/Uy 0 
During Its passage back and forth across the container, the molecule may collide 
with the tops and sides of the container, but this does not alter 1s x component of 
momentum and thus does not alter our result. [It may also collide with other 
molecules, which may change 1s 0y. However, any loss (or gain) of momentum is 
acquired by other molecules, and because we will eventually sum over all the 

molecules, this effect will be imncluded. So our result above 1s not altered. ] 

The actual force due to one molecule 1s Intermittent, but because a huge num- 
ber of molecules are striking the wall per second, the force 1s, on average, nearly 
constant. To caleulate the force due to z/ƒ the molecules In the container, we have 
to add the contributions of each. If all W molecules have the same mass #, the net 
force on the wall 1s 


Af = 


F= 


[due to one molecule] 


co„ lẾTt o2 2 2 
F — -p tà + tổa Ðìnn + ĐY), 


where y¡ means 0y for molecule number 1 (we arbitrarily assign each molecule 
a number) and the sum extends over the total number of molecules ý in the 
container. The average value of the square of the x component of velocIty 1s 


= Uặi Ð Đxa Ð*'' + ĐẶN 
Là 


A= 13-5 
tý N (13-5) 
where the overbar (_) means “average.” Thus we can write the force as 
F = TNH. @) 


We know that the square oŸ any vector 1s equal to the sum of the squares OÝ 1tS 
components (theorem of Pythagoras). Thus ” = ý + + ¿ for any velocity 0. 
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Taking averages, we obtain 


Ụ” = tuy 2E) SP đc, () 


Since the velocities of the molecules in our gas are assumed to be random, there 
1S no preference to one đirection or another. Hence 

UỆ = Ủý = 0ý. đi) 
Combining Eqs. (11) and (1), we get 

` = 32. (v) 


We substitute Eq. (iv) into Ed. (1) for net force # (bottom of previous page): 


2 
II 
F = — N—- 
b3 
The pressure on the wall 1s then 
F__ 1Nmờ 
P = 
A 3 Af 
OT " 
— 1 Mm?Ẻ pTr€ssure In an 
= c. T la gas H8) 


where W = #A is the volume of the container. This is the result we wanted, the 
pTr€ssure exerted by a øas On 1fs container expressed in terms of molecular propertIes. 

Equation 13—6 can be rewriften 1n a clearer form by multiplying both sides 
by and rearranging the ripht-hand side: 


PV = ‡N(mn?). (13-7) 


The quantity }zw2Ÿ is the average translational kinetic energy (KE) of the mole- 
cules In the gas. lÝ we compare Eq. 13-7 with Eq. 13-4, the ideal gas law 
PV = NkT. we see that the two agree I1f 


5D mu°) = KĨ. 


SẼ TEMPERATURE RELATED TO 


KE = 2m? = 3kT. [ideal gas] (13-8) | AVERAGE KINETIC ENERGY 
OF MOLECULES 


Thịs equation tells us that 
the average translafional kinefic energy of molecules in random mofion in an 
ideal gas is direcfly proportional to the absolute temperature of the gas. 


The higher the temperature, according to kinetic theory, the faster the molecules 
are moving on average. This relation 1s one of the triumphs of kinetic theory. 


EXAMPLE 13-15 | Molecular kinetic energy. What is the average transla- 
tional kinetic energy of molecules in an ideal gas at 37°C? 


APPROACH We use the absolute temperature in Eq. 13-8. 
SOLUTION We change 37°C to 310 K and insert into Eq. 13-8: 


KE = 2k7 = ?(138 X10”1/K]GI0K) = 642 X10”, 


NOTE A mole of molecules would have a total translational kinetic energy equal 
to (6.42 x 10'”!J)(6.02 x 10) = 3860 J, which equals the kinetic energy of a 
1-kg stone traveling almost 90 m/s. 


EXERCISE E If molecules of hydrogen øas and oxygen øas were placed In the same balloon 
at room temperature, how would the average kinetic energies of the molecules compare? 
(2) They would be the same. (5) The hydrogen molecules would have greater kinetic energy. 
(c) The oxygen molecules would have greater kinetic enersy. (đ) Need more information. 


Equation 13—8 holds not only for gases, but also applies reasonably accurately 
to liquids and solids. Thus the result of Example 13—15 would apply to molecules 
within living cells at body temperature (37°C). 
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FIGURE 13-19 Distribution of 
speeds of molecules in an Ideal gas. 
Note that rms 1s not at the peak of 
the curve (that speed ¡s called the 
“most probable speed,” øp). This Is 
because the curve 1s skewed to the 


ripht: 1t 1s not symmetrical. 
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W© can use Edq. 13—8 to calculate how fast molecules are moving on average. 
Notice that the average in Eqs. 13-5 through 13—8 1s over the sđuare of the speed. 
The square root of ˆ is called the roof-mean-square specd, „my (Since we are 
taking the square røø¿ of the mean of the sguare oŸ the speed): 


= 3kT 
Urms V?? = =— (13-9) 


ư 


EXAMPLE 13-16 | Speeds of air molecules. What is the rms speed of air 
molecules (O; and N;) at room temperature (20°C)? 
APPROACH To obtain œ„;, we need the masses of O; and NÑ; molecules and 
then apply Eq. 13-9 to oxygen and nitrogen separately, since they have differ- 
ent masses. 


SOLUTION The masses of one molecule of ÔO; (molecular mass = 32u) and 
N; (molecular mass = 28 u) are (where 1u = 1.66 x 10 ”kg) 


m(O;) = (32)(166 x 10” kg) = 5.3 x 10kg, 
m(Ñ;) (28)(1.66 x 10” kg) 4.6 x 10725 kg. 


Thus, for oxygen 


37T" (3)(1.38 x 10 31/K)(293 K) 
Đrms = = = 480m/s, 
m (5.3 x 10 ”°kg) 


and for nitrogen the result is „¿ = 510 ms. 


NOTE These speeds are more than 1700 km/h or 1000 mi/h, and are greater 
than the speed of sound, 340 m/s at 20°C (Chapter 12). 


EXERCISE F By what factor must the absolute temperature change to double œms? 
(a) V2: (b)2; (c)2V2;: (4) 4: (e) 16. 


* Kinedc Energy Near Absolute Zero 


Equation 13-8, KE = ÿk7, implies that as the temperature approaches absolute 
zero, the kinetic energy of molecules approaches zero. Modern quantum theory, 
however, tells us this 1s not quite so. Instead, as absolute zero 1s approached, the 
kimetic energy approaches a very small nonzero minimum value. Even thouph all 
real øases become liquid or solid near 0K, molecular moftion does not cease, 
even at absolute zero. 


15-10 Distribution of Molecular Speeds 


The molecules In a gas are assumed to be in random motion, which means that 
many molecules have speeds less than the rms speed and others have greater 
speeds. In 1859, James Clerk Maxwell (1831—1879) derived, on the basis of kinetic 
theory, that the speeds of molecules 1n a gas are distributed according to the 
graph shown in Eig. 13—19. This is known as the Maxwell distribution of speeds.” 
The speeds vary from zero to many times the rms speed, but as the praph shows, 
most molecules have speeds that are not far from the average. Less than 1% of 
the molecules exceed four times 0s. 

Experiments to determine the distribution of molecular speeds 1n real øases, 
starting in the 1920s, confirmed with considerable accuracy the Maxwell distri- 
butlon and the direct proportion between average kinetic energy and absolute 
temperature, Eq. 13-8. 


†Mathematically, the distribution is given by AN = Cu exp(—3;mˆ/kT)Ao, where AN is the num- 
ber of molecules with speed between ø and œ + Ao, CC 1s a constant, and exp means the expression 
1n parentheses 1s an exponent on the “natural number” e = 2.718.... 
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Figure 13-20 shows the Maxwell distribution for two different temperatures. 
Just aS rm; Increases with temperature, so the whole distribution curve shIŸts to 
the right at higher temperatures. Kinetic theory can be applied approximately to 
liquids and solutions. Figure 13—20 illustrates how kinetic theory can explain why 
many chemical reactions, including those In biological cells, take place more 
rapidly as the temperature Increases. Most chemical reactions occur 1n a liquid 
solution, and the molecules have a speed distribution close to the Maxwell distri- 
bution. Two molecules may chemically react only 1f their kinetic energy 1s above 
some particular minimum value (called the acfoafon energy), EA, so that when 
they collide, they penetrate 1nto each other somewhat. Figure 13-20 shows that 
at a hipher temperature, many more molecules have a speed and kinetic energy 
KE above the needed threshold #A,.. 


15-11 Real Gases and Changes of Phase 


The ideal gas law, PV =_ NK7, 1s an accurate description of the behavior oŸ a 
real gas as long as the pressure 1s not too hiph and the temperature 1s far from 
the liquefaction point. But what happens when these two criteria are not satisfied? 
Eirst we discuss real gas behavior, and then we examine how kinetic theory can 
help us understand this behavior. 

Let us look at a praph of pressure plotted against volume for a ø1ven amount 
Of gas. On such a PV điagram, Fig. 13—21, each point represents the pressure and 
volume of an equilibrium state of the gIven substance. The varlous Curves 
(labeled A, B, C, and D) show how the pressure varies as a function of volume 
for four different values of constant temperature 7A, 7s, 7c, and 7p. The red 
dashed curve A“ represents the behavior of a gas as predicted by the Ideal gas 
law; that 1s, PW = constant. The solid curve A represents the behavior of a real 
gas at the same temperature. Notice that at hiph pressure, the volume of a 
real øas 1s less than that predicted by the Ideal gas law. The curves B and C in 
Hig. 13-21 represent the øas at successively lower temperatures, and we see that 
the behavior deviates even more from the curves predicted by the ideal gas law 
(for example, B'), and the deviation ¡s ereater the closer the gas is to liquefying. 

To explain this behavior, note that at higher pressure we expect the molecules 
to be closer together. And at lower temperatures, the potential energy associated 
with attractive forces between the molecules (which we ignored before) ¡is no 
longer negligible. These attractive forces tend to pull the molecules closer together so 
the volume 1s less than expected from the ideal gas law. At still lower temperafures, 
these forces cause liquefaction, and the molecules become very close together. 

Curve D represents the situation when liquefaction occurs. At low pressure 
on curve D (on the riphtin Eig. 13—21), the substance 1s a gas and occupies a large 
volume. As the pressure 1s Increased, the volume decreases until poïnt b 1s reached. 
From pomt b to point a, the volume decreases with no change In pressure; the 
substance 1s gradually changing from the gas to the liquid phase. At pomt a, all of 
the substance has changed to liquid. Further Increase in pressure reduces the 
volume only sliphtly——liquids are nearly incompressible——so on the left the curve 
1S Very steep as shown. The shaded area under the gold dashed line represents the 
region where the gas and liquid phases exist together In equilibrium. 

Curve C in Eig. 13-21 represents the behavior of the substance at 1s crifical 
temperature; the point c (the one point where curve C is horizontal) 1s called the 
crifical poin(. At temperatures less than the critical temperature, a gas will change 
to the liquid phase 1Ÿ sufficient pressure 1s apphed. Above the critical tempera- 
ture (and this is the definition of the term), no amount oŸ pressure can cause a øas 
to change phase and become a liquid. (Thus curves A and B represent the sub- 
stance at temperatures where it can only be a gas.) The critical temperatures for 
Varlous øases are given 1n Table 13-2. Scientists tried for many years to liquefy 
oxygen without success, which led to the idea that there must be a critical poïnt. 
Oxygen can be liquefied only 1f first cooled below 1fs critical temperature of — 118°C. 
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FIGURE 13-20 D¡stribution of 
molecular speeds for two different 
temperatures. Color shading shows 
proportions of molecules above a 
certain speed (corresponding to an 
activation energy EA = ÿ??). 


FIGURE 13-21 PV diagram for a 
real substance. Curves A, B, C, 

and D represent the same substance 
at đifferent temperatures 

(TA > Ts > Tc > Tp). 
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TABLE 13-2 Critical 
Temperatures and Pressures 


Critical 

Temperature Crifical 

—————————— Pressure 
Subsftance  “C K_ (aftm) 
Water 374 647 218 
CO; 31 304 72.8 
Oxygeen 118 155 50 
Nirogen 147 126 33.5 
Hydrogen —239.9 33.3. 12.8 


Helium —267.9 5.3 2:3 
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E 
FIGURE 13-22 Phase diagram for 
water (note that the scales are not ^ 


linear). 


FIGURE 13-23 Phase diagram for 


carbon đioxide. 


Critical 
pOoInt 


Often a distinction 1s made between the terms “gas” and “vapor”: a substance 
below 1ts critical temperature In the øaseous state 1s called a vapor; above the 
critical temperature, 1t is called a gas. 

The behavior of a substance can be diagrammed not only on a PV diagram but 
also on a P7 diagram. A PT diagram, often called a phase diagram, 1s par(icu- 
larly convenient for comparing the different phases of a substance. Figure 13-22 
1s the phase diapgram for water. The curve labeled É-» represents those points 
where the liquid and vapor phases are In equlilibrrium—tt 1s thus a graph of the 
boiling point versus pressure. Note that the curve correctly shows that at a pres- 
sure Of 1 atm the boiling point is 100°C and that the boiling point 1s lowered 
for a decreased pressure. The curve s-ƒ represents points where solid and liquid 
exIst in equilibrium and thus 1s a graph of the Íreezing pOInf versus pressure. 


Critical 
point 


At 1 atm, the freezing point of water 1s 0°C, as shown. Notice also in Fig. 13-22 
that at a pressure of 1 atm, the substance 1s m the liquid phase 1f the temperature 
1s between 0C and 100°C, but 1s in the solid or vapor phase 1f the temperature 1s 
below 0°C or above 100°C. The curve labeled s- 1s the sublữwafion poinf Versus 
pressure curve. Sublimation refers to the process whereby at low pressures a 
solid changes directly Into the vapor phase without passing throuph the liquid 
phase. For wafter, sublimation occurs 1 the pressure of the water vapor 1s less than 
0.0060 atm. Carbon dioxide, which In the solid phase 1s called dry 1ce, sublimates 
even at atmospheric pressure (Fig. 13-23). 

The intersection of the three curves (in Eig. 13-22) 1s the triple poïnt. For 
water this occurs at 7 = 273.16K and P = 6.03 x 10 atm. It is only at the 
triple point that the three phases can exist together In equilibrium. Because the 
triple point corresponds to a unique value oŸ temperature and pressure, 1t 1s Dr€- 
cisely reproducible and 1s often used as a point of reference. For example, the 
standard of temperature 1s usually specified as exactly 273.16 K at the triple poimt 
Of water, rather than 273.15 K at the freezing poInf of water at 1 atm. 

Notice that the solid-liquid (s-£) curve for water (Eig. 13-22) slopes upward to 
the left. This 1s true only of substances that expandđ upon freezing: at a hipgher pres- 
sure, a lower temperature 1s needed to cause the liquid to freeze. More commonly, 
substances contract upon freezing and the s-f curve slopes upward to the right, 
as shown for carbon đioxide (CO;) in Eig. 13-23. 

The phase transitions we have been discussing are the common ones. Some 
substances, however, can exist in several forms In the solid phase. A transition 
from one phase to another occurs at a particular temperature and pressure, Just 
like ordinary phase changes. For example, I1ce has been observed 1n at least eight 
forms at very high pressure. Ordinary helium has two distinct liquid phases, called 
helium I and II. They exist only at temperatures within a few degrees of absolute 
zero. Helium II exhibits very unusual properties referred to as superfluidity. 
It has essentially zero viscosity and exhibits strange properfies such as climbing 
up the sides of an open container. Also interesting are liquid crystals (used for 
computer and TV monitors, Section 24-11) which can be considered to be in a 
phase between liquid and solid. 


3/8 CHAPTER 13 Temperature and Kinetic Theory 


15-12 Vapor Pressure and Humidity 


Evaporation 


Ta glass of water 1s left out overnipht, the water level wIll have dropped by morning. 
We say the water has evaporated, meaning that some of the water has changed to 
the vapor or gas phase. 

Thịs process of evaporafion can be explained on the basis of kinetic theory. 
The molecules 1n a liquid move past one another with a variety of speeds that 
follow, approximately, the Maxwell distribution. There are sírong aftractive 
forces between these molecules, which 1s what keeps them close together In the 
liquid phase. A molecule near the surface of the liquid may, because oÝ 1ts speed, 
leave the liquid momentarlly. But Just as a rock thrown Into the a1r returns to the 
Earth, so the attracfive forces of the other molecules can pull the vagabond mole- 
cule back to the liquid surface——that 1s, 1Ÿ 1ts velocity 1s not too large. A molecule 
with a high enouph velocity, however, will escape the liquid entirely, like a rocket 
escaping the Earth, and become part of the gas phase. Only those molecules that 
have kinetic energy above a particular value can escape to the gas phase. We have 
already seen that kmetic theory predicts that the relative number of molecules 
with kinetic energy above a particular value (such as #A in Fig. 13-20) increases 
with temperature. This 1s in accord with the well-known observation that the 
evaporation rafe 1s øreater at higher temperatures. 

Because 1t 1s the fastest molecules that escape from the surface, the average 
speed of those remaiIning 1s less. When the average speed 1s less, the absolute tem- 
perature 1s less. Thus kinetic theory predicts that ebaporafion is a cooling process. 
You may have noticed this effect when you stepped out of a warm shower and 
felt cold as the water on your body began to evaporate; and after working up a 
sweat on a hot day, even a slight breeze makes you feel cool through evaporation. 
Try hcking your finger and then blow on 1t. 


Vapor Pressure 


Air normally contains water vapor (water in the gas phase), and it comes mainly 
from evaporation. To look at this process 1m a liftle more detail, consider a closed 
container that is partially filled with water (or another liquid) and from which the 
aIr has been removed (Hig. 13-24). The fastest movine molecules quickly evaporate 
1nto the empty space above the liquid”s surface. As they move about, some of these 
molecules strike the liquid surface and again become part of the liquid phase: this 
1s called condensafion. The number of molecules in the vapor Increases until 
the number of molecules returning to the liquid equals the number leaving 1n the 
same time Interval. Equilibrrum then exists, and the space above the liquid surface 1s 
said to be saíurafed. The pressure of the vapor when 1t 1s saturated 1s called the 
safturafed vapor pressure (or simply the vapor pressure). 

The saturated vapor pressure of any substance depends on the temperature. 
At higher temperatures, more molecules have sufficient kinetic energy to break 
from the liquid surface Into the vapor phase. Hence equilibrium will be reached 
at a higher vapor pressure. The saturated vapor pressure Of wafer at varlous tempera- 
tures 1s øIven 1n Table 13-3. Notice that even solids—for example, Ice—have a 
measurable saturated vapor pressure. 

In everyday situations, evaporation from a liquid takes place into the alr 
above 1t rather than into a vacuum. This does not materially alter the discussion 
above relating to Fig. 13-24. Equilibrium wIll still be reached when there are 
sufficlent molecules 1n the gas phase that the number reentering the liquid equals 
the number leaving. The concentration of particular molecules (such as water) In 
the gas phase 1s not affected by the presence of arr, although collisions with alr 
molecules may lengthen the time needed to reach equilibrium. Thus equilibriun 
OCcurs at the same value of the saturated vapor pressure as 1Ÿ air were not there. 

T the container 1s large or 1s not closed, all the liquid may evaporate before 
Saturation 1s reached. And 1f the container 1s not sealed——as, for example, a room 
1n your house——It 1s not likely that the air will become saturated with water vapor 
(unless It 1s raining outside). 


FIGURE 13-24 Vapor appears 
above a liquid in a closed container. 
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TABLE 13-3 Saturated 
Vapor Pressure of Water 


Saturated Vapor Pressure 


Temp- 
erafure torr Pa 

ŒC) (=mm-Hg) (= N/m) 

—50 0.030 4.0 

—10 1.95 2.60 x 107 
0 4.58 6.11 x 107 
5 6.54 872 x 107 
10 921 1.23 x 10 
15 12.8 1⁄71 x 108 
20 17.5 2.33 x 10 
25 23.8 3.17 x 103 
30 31.8 4.24 x 10? 
40 55.3 7.37 x 103 
50 92.5 1.23 x 10! 
60 149 1.99 x 10! 
70” 234 3.12 x 10! 
80 355 4.73 x 10! 
90 526 7.01 x 10! 

100† 760 1.01 x 10 

120 1489 1.99 x 105 

150 3570 4.76 x 10° 


T Boiling point on summit of Mt. Everest. 


È Boiling point at sea level. 
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FIGURE 13-25 Boiling: bubbles of 
water vapor float upward from the 
bottom (where the temperafure 1s 
highest). 
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Boiling 
The saturated vapor pressure of a liquid increases with temperature. When the 
temperature 1s raised to the point where the saturated vapor pressure at that 
temperature equals the external pressure, boiling occurs (Eig. 13-25). As the boil- 
ng point 1s approached, tiny bubbles tend to form 1n the liquid, which indicate 
a change from the liquid to the gas phase. However, 1Ÿ the vapor pressure inside 
the bubbles 1s less than the external pressure, the bubbles immedliately are crushed. 
As the temperature 1s Increased, the saturated vapor pressure Inside a bubble 
eventually becomes equal to or exceeds the external air pressure. The bubble will 
then not collapse but can rise to the surface. Boiling has then begun. A 1quid boils 
tuhen is salurated Đapor pressure equals the external pressure. This occurs Ïor 
water at a pressure of 1 atm (760 torr) at 100°C, as can be seen from Table 13-3. 
The boiling point of a liquid depends on the external pressure. At high ele- 
vations, the boiling point of water 1s somewhat less than at sea level because the 
air pressure 1s less up there. For example, on the summit of Mt. Everest (8850 m) 
the alr pressure 1s about one-third of what 1f is at sea level, and from Table 13—3 
we can see that water will boil at about 70°C. Cooking food by boiling takes 
longer at hiph elevations, because the boiling water 1s cooking at a lower 
temperature. Pressure cookers reduce cooking time because they build up a 
pressure as high as 2 atm, allowing a higher boïling (and cooking) temperature to 
be attained (Problem 64 and Fig. 13-32). 


Partial Pressure and Humidity 


When we refer to the weather as being dry or humid, we are referring to the 
water vapor content of the air. In a gas such as air, which 1s a mixture of several 
types of øgases, the total pressure 1s the sum oŸ the parfial pressures oŸ each gas 
present.' By partial pressure, we mean the pressure cach gas would exert ïŸ it 
alone were present. The partial pressure of water In the aIr can be as low as ZerO 
and can vary up to a maximum equal to the saturated vapor pressure of water at 
the given temperature. Thus, at 20°C, the partial pressure of water cannof exceed 
17.5 torr (see Table 13-3) or about 0.02 atm. The relafive humidify ¡s defined as 
the ratio of the partial pressure oŸ water vapor to the saturated vapor pressure af 
a g1ven temperature. It is usually expressed as a percentage: 


tial f£H;O 
partial pressure of H; x 100%, 


Relative humidity = 
€latIVe humIdIty safurated VapOFT pr€sSure of H;O 


Thus, when the humidity ¡s close to 100%, the air holds nearly all the water vapor 
1f can. 


EXAMPLE 13-17 | Relative humidity. On a particular hot day, the tempera- 
ture 1s 30”°C and the partial pressure of water vapor 1n the arr is 21.0 torr. What 
1s the relative humidity? 


APPROACH From Table 13-3, we see that the saturated vapor pressure of 
water at 30°C 1s 31.8 tOrr. 
SOLUTION The relative humidity 1s thus 
21.0torr 
31.8 torr 


x 100% = 66%. 


Humans are sensitive to humidity. A relative humidity of 40—50% 1s generally 
optimum for both health and comfort. High humidity, particularly on a hot day, 
reduces the evaporation of moisture from the skin, which 1s one of the body”s 
vital mechanisms for regulating body temperature. Very low humidity, on the other 
hand, can dry the skin and mucous membranes. 


†For example, 78% (by volume) of air molecules are nitrogen and 21% oxygen, with much smaller 
amounfts of water vapor, argon, carbon dioxide, and other gases. Af an air pressure of 1 atm, oxygen 
exerfs a partial pressure of 0.21 atm and nitrogen 0.78 atm. 
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ATr is saturated with water vapor when the partial pressure of water In the alr @® PHYSICS APPLIED 
1s equal to the saturated vapor pressure at that temperature. If the partial pressure Weather 
Of water exceeds the saturated vapor pressure, the air 1s said to be supersafurafed. 
This situation can occur when a temperature decrease occurs. For example, 
suppose the temperature 1s 30°C and the partial pressure of water 1s 21 torr, which 
represents a humidity of 66% as we saw in Example 13—17. Suppose now that the 
temperature falls to, say, 20°C, as mipht happen at nightfall. From Table 13—3 we 
see that the saturated vapor pressure of water at 20”°C 1s 17.5 torr. Hence the 
relative humidity would be greater than 100%, and the supersaturated air cannot 
hold this much water vapor. The excess water may condense and appear as dew, 
clouds, or as fog or rain (Fig. 13—26). 

'When air confaining a given amount of water 1s cooled, a temperature 1s 
reached where the partial pressure oŸ water equals the saturated vapor pressure. 
Thịs 1s called the dew point. Measurement of the dew poïnt 1s the most accurafte 
means of determining the relative humidity. Qne method uses a polished metal sur- 
face which 1s gradually cooled down while in contact with air. The temperature at 
which moisture begins to appear on the surface 1s the dew point, and the partial 
pressure of water can then be obtained from saturated vapor pressure Tables. IỆ for 
example, on a given day the temperature 1s 20°C and the dew pomnt 1s 5°“C, then the 
partial pressure of water (Table 13-3) in the 20°C alr 1s 6.54 torr, whereas 1s satu- 
rated vapor pressure is 17.5 torr; hence the relative humidity is 6.54/17.5 = 37%. 


CONCEPTUAL EXAMIPLE 13-18 | Dryness in winter. Why does the aIr 


Iinside heated buildings seem very dry on a cold winter day? 


RESPONSE Suppose the relative humidity outside on a —10°C day 1s 50%. 
Table 13-3 tells us the partial pressure of water in the alr Is about 1.0 torr. 
TỶ this air is brought indoors and heated to +20°C, the relative humidity 1s 
(1.0 torr)/(17.5 torr) = 5.7%. Even if the outside air were saturated at a partial 
pressure of 1.95 torr, the inside relative humidity would still be at a low 11%. 


FIGURE 13-26 (az) Fog or mist 
settling In a valley where the 


›k 13—13 D 1ffu S 1 on temperature has dropped below the 


dew point. (5) Dew drops on a leaf. 
(c) Clouds form on a sunny day at 


TỶ you carefully place a few drops of food coloring In a glass Of water as In the beidbi đụ tơ aÌ/early 


Fig. 13-27, you wIll find that the color spreads throughout the water. The process : l2, 
: - Saturated with water vapor, rIsing to 

may take some time (assuming you do not shake the glass), but eventually the. 2Ititude where the cooler 

color wIll become uniform. This mixing, known as điffusion, 1s readly explained by temperature is at the dew point. 

kinetic theory as due to the random movement of the molecules. Diffusion occurs 

In øases too. Common examples include perfume or smoke (or the odor of some- 

thing cooking on a stove) diffusing in arr, although convection (moving aIr currenfs) 

often plays a greater role In spreading odors than does difusion. Difusion 

depends on concentration, by which we mean the number of molecules or moles 

per unit volume. In general, fhe diffusing substance moues from a region t0›here 

1s concemtration ¡s high to a region tuhere is concentration ¡s lo. 


FIGURE 13-27 A few drops of 
food coloring (a) dropped into 
water, (b) spreads slowly 
throughout the water, eventually 
(c) becoming uniform. 


(b) 
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FIGURE 13-28 Diffusion occurs 
from a region of high concentration 
to one of lower concentration (only 
one type of molecule 1s shown). 


TABLE 13-4 Diffusion 
Constants,  (20°C, 1 atm) 


Diffusing 

Molecules  Mediuim D (m2/s) 
Hạ Air 6.3 x 10 
O; Air 1.8 x 10 
O; Water 100 x 10H 


Glycine (an 
amino acid) Water 95 x 10H 
Blood 
hemoglobin Water 6.9 x 10H 


DNA (mass 
6x105u) Water 0.13 x 10! 
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Difusion can be readily understood on the basis of kinetic theory and the 
random motion of molecules. Consider a tube oŸ cross-sectional area 4 containing 
molecules in a higher concentration on the left than on the ripht, Eig. 13-28. 
We assume the molecules are 1n random motion. Yet there wIll be a net flow of 
molecules to the ripht. To see why, let us consider the small section of tube 
of length Ax as shown. Molecules from both regions 1 and 2 cross mmto this 
central section as a result of their random motion. The more molecules there are 
1n a region, the more wIll strike a øg1ven area or cross a boundary. Since there 1s a 
øreafer concentration of molecules In region 1 than In region 2, more molecules 
cross Into the central section from region 1 than from region 2. There 1s, then, a net 
flow of molecules from left to right, from high concentration (C¡) toward low 
concentration (C;). The net flow becomes zero only when the concentrations 
become equal. 

We might expect that the greater the difference In concentration, the øreater 
the flow rate. Indeed, the rate of diffusion, 7# (number of molecules or moles or 
kg per second), ¡s directly proportional to the difference In concentration per 
unft distance, Œ¡ = Œ.)/ Ax (which is called the concenfrafion øradienf), and to 
the cross-sectional area 4 (see Eig. 13-28): 

Ax 
D1s a constant of proportionality called the diffusion constant. Equation 13—10 1s 
known as the diffusion equation, or Eick°s law. If the concentrations are given in 
mol/mỷ, then 7 is the number of moles passing a given point per second. If the con- 
centrations are given in kg/mỶ, then 7 is the mass movement per second (kg/). 
The length Ax is given in meters, and area 4 in m°. The values of Ð for a variety 
Of substances diffusing In a parficular medium are g1ven 1n Table 13-4. 


EXAMPLE 13-19 . ESTIMATE | Diffusion of ammonia ïn air. To get an idea 


of the time required for diffusion, estimate how long 1t might take for ammonia 
(NH;) to be detected 10 cm from a bottle after it is opened, assuming only 
diffusion 1s occurring. 
APPROACH This will be an order-of-magnitude calculation. The rate of diffu- 
sion J can be set equal to the number of molecules  diffusing across area 4 in 
a time f; J = N/¡. Then the time í = N/J, where 7 is given by Eq. 13-10. 
We will have to make some assumpftlons and rough approximations about 
concentrafions to use Eq. 13—10. 
SOLUTION Usïng Edq. 13—10, we find 
N N Ax 
J DA AC 
The average concentration (midway between bottle and nose) can be approxI- 
mated by C + N/V, where V is the volume over which the molecules move 
and 1s roughly on the order of V + A4 Ax, where Ax ¡is 10cm = 0.10m. We 
substitute ý = CW = CA Ax into the above equation: 
(CA Ax) Ax C (Ax} 
DA AC AC D 
The concentration of ammonia 1s high near the bottle (C) and low near the 
detecting nose (+0), so + C/2 + AC/2, or (C/AC) x;. Since NHạ 
molecules have a size somewhere between H; and O;, from Table 13-4 we 
can estimate D + 4 x 10 'm”/s. Then 
(0.10 m) 


nN.. —. 
“(4 x 10 2m23) 
or aboutf a minufte or two. 


J = DA (13-10) 


f† = 


~ 100, 


NOTE This result seems rather long from experience, suegesting that air currents 
(convection) are more Important than diffusion for transmitting odors. 
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Diffusion 1s extremely important for living organisms. For example, molecules 
produced mm certain chemical reactions within cells diffuse to other areas where 
they take part in other reactions. 

Gas diffusion 1s Important too. Plants require carbon dioxide for photosyn- 
thesis. The CO; diffuses into leaves from the outside air through tiny openings 
(stomata). As CO; ïs utilized by the cells, 1s concentration drops below that In 
the a1r outside, and more diffuses inward. Water vapor and oxygen produced by 
the cells diffuse outward Into the air. 

Animals also exchange oxygen and CO; with the environment. Oxygen 1s 
required for energy-producing reactions and must diffuse Into cells. CO; 1s 
produced as an end product of many metabolic reactions and must diffuse out of 
cells. But diffusion 1s slow over longer distances, so only the smallest organisms In 
the animal world could survive without having developed complex respiratory and 
circulatory systems. In humans, oxygen 1s taken 1nto the lungs, where 1t diffuses 
short distances across lung tissue and into the blood. Then the blood circulates 
1t to cells throughout the body. The blood also carries CO; produced by the cells 
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back to the lungs, where 1t diffuses outward. 


[ Summary 


The atomic theory of matter postulates that all matter is made 
up of tiny entities called atoms, which are typically 10 1m in 
diameter. 

Atomic and molecular masses are specified on a scale 
where the most common form of carbon (?C) is arbitrarily 
given the value 12.0000 u (atomic mass units), exactly. 

The distinction between solids, liquids, and gases can be 
atfributed to the strength of the attractive forces between the 
atoms or molecules and to their average speed. 

Temperature is a measure of how hot or cold something 
1s. Thermomefers are used to measure temperature on the 
Celsius (°C), Fahrenheit (°F), and Kelyin (K) scales. Two stan- 
dard points on each scale are the freezing point of water (0°C, 
32°FE, 273.15 K) and the boiling point of water (100°C, 212°E, 
373.15 K). A one-kelvin change In temperature equals a change 
of one Celsius degree or š Fahrenheit degrees. Kelvins are 
related to °C by 

T(K) = TC) + 273.15. 

'When two obJects at different temperatures are placed In 
contact, they eventually reach the same temperature and are 
then said to be in thermal equilibrium. 

The change ¡in length, A/, of a solid, when 1s temperature 
changes by an amount A7, 1s directly proportlonal to the 
temperature change and to its original length És. That is, 

AP = alb AT, (13-1a) 
where ơ 1s the coefficient öoƒ linear eXxpaHsion. 

The change in volume of most solids, liquids, and øases 1s 
proportional to the temperature change and to the original 
volume WẠ: 

AV = BWAT. (13-2) 
The coefficient oƒuolume expansion, B, 1s approximately equal 
to 3œ for uniform solids. 

Water Is unusual because, unlike most materials whose 
volume Increases with temperature, is volume In the range from 
0°C to 4°C actually decreases as the temperature Increases. 

The ideal gas law, or equafion o s(afe for an ideal gas, 
relates the pressure , volume V, and temperature 7 (in kelvins) 
of moles of gas by the equation 

PW = nRT, (13-3) 


where # = 8.314J/mol:K for all gases. Real gases obey the 


1deal gas law quite accurately 1ƒ they are not at too hiph a pres- 
sure or near their liquefaction poïnt. 

One mole 1s that amount of a substance whose mass In 
ørams Is numerically equal to the atomic or molecular mass of 
that substance. 

Avogadro?s number, WA = 6.02 x 1023, is the number of 
atoms or molecules in 1 mol of any pure substance. 

The ideal gas law can be written In terms of the number of 
molecules Ý in the gas as 


PV = NHT, (13-4) 


where & = R/NA = 1.38 x 101/K ¡is Boltzmann*s constant. 

According to the kinetic theory of gases, which ¡is based on 
the idea that a gas is made up of molecules that are moving 
rapidly and randomly, the average translational kinetic energy 
of molecules 1s proportional to the Kelvin temperature 7 


z:E c Llưy¿ — 3Q 
KE = ;uˆ = škT, 


(13-8) 


where k 1s Boltzmann”s constant. At any moment, there exIs(s 
a wide distribution of molecular speeds within a gas. 

The behavior of real gases at high pressure, and/or when 
near their liquefaction point, deviates from the ideal gas law 
due to the attractive forces between molecules. Below the 
critical temperafure, a gas can change to a liquid 1ƒ sufficient 
pressure 1s applied; but If the temperature 1s higher than the 
critical temperature, no amount oŸ pressure will cause a liquid 
surface to form. The triple point of a substance 1s that unique 
temperature and pressure at which all three phases—solid, 
liquid, and gas——can coexist In equilibrium. 

Evaporation of a liquid 1s the result of the fastest moving 
molecules escaping from the surface. Safurated vapor pressure 
refers to the pressure of the vapor above a liquid when the two 
phases are In equilibrium. The vapor pressure of a substance 
(such as water) depends strongly on temperature, and at the 
boiling point is equal to atmospheric pressure. Relafive humidity 
Of aïr 1s the rafio of the actual partial pressure of wafter vapor In 
the arr to the saturated vapor pressure at that temperature; If Is 
usually expressed as a percenftage. 

[ZDiffusion ¡is the process whereby molecules of a sub- 
stance move (on average) from one area to another because of 
a difference in that substance”s concentration.] 
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 Questions 


1. Which has more atoms: 1 kg of lead or 1kg of copper? 
(See the Periodic Table or Appendix B.) Explain why. 

2. Name several properties of materials that could be used 
to make a thermometer. 

3. Which 1s larger, 1 C° or 1 F°? Explain why. 

4. In the relation A# = œfe A7, should És be the imtial length, 
the final length, or does it matter? 

5. A flat bimetallic strip consists of a strip of aluminum riv- 
eted to a strip of iron. When heated, the strip will bend. 
Which metal will be on the outside of the curve? Why? 
[Himi: See Table 13—1.] 

6. Long steam pipes that are fixed at the ends often have a 
section in the shape of a U. Why? 

7. Eigure 13-29 shows a diapram of a simple bimetallic 
thermosfaf used to control a furnace (or other heating or 
cooling system). The electric switch (attached to the bime- 
tallic strip) Is a glass vessel containing liquid mercury that 
conducts electricity when 1t touches both contact wires. 
Explain how this device controls the furnace and how If 
can be set at đifferent temperatures. 


Temperature 
setting lever 


Bimetallic strip 


Liquid mercury 
switch 


FIGURE 13-29 
Wires to A thermostat 
Liquid mercury bung (Ouestion 7). 


§. A glass container may break 1f one part of it is heated or 
cooled more rapidly than adjacent parts. Explain. 

9. Explain why 1t 1s advisable to add water to an overheated 
automobile engine only slowly, and only with the engine 
running. 

10. The units for the coefficilent of linear expansion œ are 
(C1, and there 1s no mention of a length unit such as 
meters. Would the expansion coefficient change 1ƒ we used 
feet or millimeters instead of meters? Explain. 

11. When a cold alcohol-in-glass thermometer 1s first placed 
1n a hot tub of water, the alcohol initially descends a bit 
and then rises. Explain. 

12. The principal virtue of Pyrex glass 1s that 1s coefficlent of 
linear expansion Is much smaller than that for ordinary 
glass (Table 13—1). Explain why this gives rise to the higher 
heat resistance of Pyrex. 


13. 


14. 


15. 


16. 
17 


° 


18 


b 


19 


h 


20. 


21. 


22. 


WIII a clock using a pendulum supported on a long thin 
brass rod that 1s accurate at 20°C run fast or slow on a hot 
day (30°C)? Explain. 

Freezing a can of soda will cause 1ts bottom and top to bulge 
so badly the can will not stand up. What has happened? 
'WIII the buoyant force on an aluminum sphere submerged 
In Wwafer Increase, decrease, or remain the same, If the 
temperature 1s Increased from 20°C to 40°C? Explain. 
Can you determine the temperature of a vacuum? Explain. 
Escape velocity from the Earth refers to the minimum speed 
an object must have to leave the Earth and never return. 
(2) The escape velocity from the Moon 1s about one-fifth what 
1t 1s for the Earth, due to the Moon”s smaller mass. Explain 
why the Moon has practically no atmosphere. (b) If hydro- 
gen was once in the Earth's atmosphere, why would it 
have probably escaped? 


'What exactly does 1t mean when we say that oxygen boils 
at —183°C? 

A length of thin wire is placed over a block of Ice (or an ice 
cube) at 0°C. The wire hangs down both sides of the ice, 
and weights are hung from the ends of the wire. It 1s found 
that the wire cufs 1ts way throuph the ice cube, but leaves a 
solid block of ice behind 1t. This process 1s called regelation. 
Explain how this happens by inferring how the Íreezing 
poimt of water depends on pressure. 


(a) Why does food cook faster In a pressure cooker? 
(b) Why does pasfa or rice need to boil longer at hiph alti- 
tudes? (c) Is it harder to boil water at hiph altitudes? 

Is 1t possible to boil wafer at room temperature (20°C) 
without heating 1t? Explain. 

'Why does exhaled air appear as a little white cloud in the 
winter (Fig. 13-30)? 


FIGURE 13-30 
Question 22. 


23. Explain why it 1s dangerous to open the radiator cap of an 


overheated automobile engine. 


MisConceptual Questions 


1. Rod A has twice the diameter of rod B, but both are made 
Of Iron and have the same Initial length. Both rods are now 
subjected to the same change In temperature (but remain 
solid). How would the change in the rods'” lengths compare? 
(a) Rod A > rod B. 

(5) Rod B > rod A. 
(c) Rod A = rod B. 
(đ) Need to know whether the rods were cooled or heated. 
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2. 


The linear expansion of a material depends on which of 
the following? 

(a) The length of the material. 

(b) The change in temperature of the material. 

(c) The type of material. 

(đ) AlI of the above. 

(e) Both (0?) and (c). 


3. A steel plate has a hole In it with a diameter of exactly 
1.0 cm when the plate 1s at a temperature of 20°C. A steel 
ring has an inner diameter of exactly 1.0 cm at 20°C. Both 
the plate and the ring are heated to 100°C. Which state- 
ment is true? 

(2) The hole in the plate gets smaller, and the opening in 
the ring øets larger. 

(b) The opening in the ring gets larger, but we need the 
relative size of the plate and the hole to know what 
happens to the hole. 

(c) The hole in the plate and the opening In the ring get 
larger. 

(đ) The hole in the plate and the opening In the ring get 
smaller. 

(c) The hole in the plate gets larger, and the opening in 
the ring gets smaller. 


4. One mole of an ideal gas In a sealed rigid container 1s Ini- 
tially at a temperature of 100°C. The temperature 1s then 
1ncreased to 200°C. The pressure In the gas 
(2) remains constant. 

(b) increases by about 25%. 
(c) doubles. 
(đ) triples. 

5. When an ideal gas is warmed from 20°C to 40°C, the gas”s 
temperature 7 that appears In the ideal gas law Increases 
by a factor 
(a) o£2. 

(5) of 1.07. 
(c) that depends on the temperature scale you use. 


6. Two identical bottles at the same temperature contain the 
same gas. If bottle B has twice the volume and confains 
half the number of moles of øas as bottle A, how does 
the pressure in B compare with the pressure in A? 


(4) ; = BÀI 
(B) Pp = 2N 
(c) f; = 3P À2 
(đ) Ps = 4Pa. 
(2) fy = Pa. 


7. The temperature of an ideal gas Increases. Which of the 
following 1s true? 
(2) The pressure must decrease. 
(b) The pressure must Increase. 
(c) The pressure must increase while the volume 

decreases. 

(đ) The volume must increase while the pressure decreases. 
(e) The pressure, the volume, or both, may increase. 


8. 


10. 


11. 


12. 


13. 


An ideal gas 1s in a sealed rigid container. The average 
kinetic energy of the gas molecules depends most on 

(a) the size of the container. 

() the number of molecules in the container. 

(c) the temperature of the gas. 

(đ) the mass of the molecules. 


Two ideal gases, A and B, are at the same temperature. If the 
molecular mass of the molecules In øas A 1s twice that of the 
molecules in gas B, the molecules” root-mean-square speed Is 
(a) the same in both gases. (đ) twice as great in B. 

(b) twice as øreat In A. (£) 1.4 times greater in B. 
(c) 1.4 times greater In A. 


In a mixture of the øases oxygen and helium, which state- 

ment 1s valid? 

(a) The helium atoms will be moving faster than the 
oxygen molecules, on average. 

(5) Both will be moving at the same speed. 

(c) The oxygen molecules will, on average, be moving 
mơre rapidly than the helium atoms. 

(đ) The kinetic energy of helium atoms will exceed that of 
oxygen molecules. 

(£) None of the above. 

'Which of the following 1s zø true about an ideal gas? 

(a) The average kinetic energy of the gas molecules 
1ncreases as the temperafure Increases. 

(b) The volume of an ideal gas increases with temperature 
1ƒ the pressure 1s held constant. 

(c) The pressure of an ideal gas increases with temperature 
1ƒ the volume 1s held constant. 

(đ) AlI gas molecules have the same speed at a particular 
temperafure. 

(c) The molecules are assumed to be far apart compared to 
their s1ze. 

When using the ideal gas law, which of the following rules 

must be obeyed? 

(a) Always use temperature in kelvins and absolute pressure. 

(b) Always use volume in mỶ and temperature in kelvins. 

(c) Always use øgauge pressure and temperature in 
degrees Celsius. 

(đ) Always use gauge pressure and temperature in kelvins. 

(e) Always use volume in mỶ and gauge pressure. 

The rms speed of the molecules of an Ideal gas 

(4) 1s the same as the most probable speed of the molecules. 

(b) is always equal to A⁄2 times the maximum molecular speed. 

(c) will increase as the temperature of a øas increases. 

(đ) AlII of the above. 


For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


j Problems 


13-1 Atomic Theory 


{. (1) How does the number of atoms in a 27.5-øram øold ring 
compare to the number In a silver ring of the same mass? 


2. (D How many atoms are there In a 3.4-ø copper coin? 


13-2 Temperature and Thermometers 
3. (D (z) “Room temperature” is often taken to be 68°E. What 
1s this on the Celsius scale? (b) The temperature of the fil- 
ament In a lightbulb is about 1900°C. What ¡s this on the 
Fahrenheit scale? 


4. 


() Among the highest and lowest natural air temperatures 
claimed are 136°F in the Libyan desert and —129°F in 
Antarctica. What are these temperatures on the Celsius 
scale? 


.() A thermometer tells you that you have a fever of 


38.9°C. What is this in FahrenhelIt? 


„ ( () 18? below zero on the Celsius scale is what Fahrenheit 


temperature? () 18° below zero on the Fahrenheit scale is 
what Celsius temperature? 
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7. (II) Determine the temperature at which the Celsius and 
Fahrenheit scales give the same numerical reading 
To = Trì. 

8. (H) In an alcohol-in-glass thermometer, the alcohol col- 
umn has length 12.61 em at 0.0°C and length 22.79 cm at 
100.0°C. What is the temperature 1f the column has length 
(2) 18.70 em, and (0) 14.60 em? 


13-4 Thermal Expansion 


9. (1) The Eiffel Tower (Fig. 13-31) is built of wrought iron 
approximately 300 m tall. 
Estumate how much 1ts 
heipht changes between 
January (average temper- 
ature of 2°C) and July 
(average temperature of 
25°C). Ignore the angles 
of the Iron beams and 
treat the tOwer as a verti- 
cal beam. 


FIGURE 13-31 Problem 9. 
The Eiffel Tower In Paris. 


10. () A concrete hiphway is built of slabs 12 m long (15°C). 

How wide should the expansion cracks between the slabs be 

(at 15°C) to prevent buckling ¡f the range of temperature 

1s —30”C to +50°C? 

(D Super InvarTM, an alloy of iron and nickel, is a strong 

material with a very low coefficient of thermal expansion 

(0.20 x 10 5/C°). A 1.8-m-long tabletop made of this alloy 

1s used for sensitive laser measurements where extremely 

high tolerances are required. How much wIll this alloy table 
expand along 1ts length 1f the temperafure Increases 6.0 C°? 

Compare to tabletops made of steel. 

12. (II) To what temperature would you have to heat a brass 
rod for it to be 1.5% longer than it is at 25°C? 

13. (I) To make a secure fit, rivets that are larger than the 

rivet hole are often used and the rivet ¡is cooled (usually 

in dry Ice) before 1 ¡s placed in the hole. A steel rivet 

1.872 cm in diameter 1s to be placed In a hole 1.870 cm In 

điameter In a metal at 22”C. To what temperature must the 

rivet be cooled 1Ÿ 1t is to fit in the hole? 

(IH) An ordinary glass is filled to the brim with 450.0 mL of 

water at 100.0°C. If the temperature of gÌlass and wafer 1s 

decreased to 20.0°C, how much water could be added to 
the glass? 

15. (II) An aluminum sphere ¡s 8.75 cm in diameter. What will 
be I(s % change in volume If it is heated from 30°C to 160°C? 

16. (TT) Itis observed that 55.50 mL of water at 20°C completely 
Ïills a container to the brim. When the container and the 
water are heated to 60°C, 0.35 ø of water 1s lost. (2) What 
1s the coefficient of volume expansion of the container? 
(b) What ¡is the most likely material of the container? 
Density of water at 60°C ¡s 0.98324 g/mL. 

17. (II) A brass plug 1s to be placed in a ring made of iron. At 
15°C, the diameter of the plug 1s 8.755 cm and that of the 
1nside of the ring 1s 8.741 cm. They must both be brought 
to what common temperature In order to fit? 


11 


14 
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18. (II) A certain car has 14.0 L of liquid coolant circulating at a 
temperature of 93°C through the engine”s cooling system. 
Assume that, in this normal condition, the coolant com- 
pletely fiIIs the 3.5-L volume of the aluminum radiator and 
the 10.5-L Internal cavities within the aluminum engine. When 
a car overheats, the radiator, engine, and coolant expand 
and a small reservoir connected to the radiator catches any 
resultant coolant overflow. Estimate how much coolant 
overflows to the reservoir If the system goes from 93°C 
to 105°C. Model the radiator and engine as hollow shells 
of aluminum. The coefficilent of volume expansilon for 
coolantis 8 = 410 x 10 5/C°. 

#19. (ID An aluminum bar has the desired leneth when at 12°C. 
How much stress 1s required to keep 1t at this length If the 
temperature increases to 35°C? [See Table 9—1.] 


20 


(HT) The pendulum ïn a grandfather clock ¡is made of brass 
and keeps perfect time at 17°C. How much time 1s gained or 
lost in a year If the clock 1s kept at 29°C? (Assume the fre- 
quency dependenee on length for a simple pendulum applies.) 
[Himr: See Chapter 8.] 


13-5 Gas Laws; Absolute Temperature 


21. ( Absolute zero is what temperature on the Fahrenheit 
scale? 

22. (II) Typical temperatures in the interior of the Earth and 
Sun are about 4000°C and 15 x 106°C, respectively. 
(a) What are these temperatures in kelvins? (5) What 
percent error is made 1n each case 1Ý a person forgets to 
change °C to K? 


13-6 and 13-7 lIdeal Gas Law 


23. (I) If 3.50 mỂ of a gas initially at STP is placed under a 
pressure of 3.20 atm, the temperature of the gas rIses fO 
38.0°C. What 1s the volume? 

24. (1) In an internal combustion engine, air at atmospheric 
pressure and a temperature of about 20°C 1s compressed 
in the cylinder by a piston to j of its original volume 

(compression ratio = 9.0). Estimate the temperature of the 

compressed air, assuming the pressure reaches 40 atm. 

(H) If 16.00 mol of helium gas is at 10.0°C and a gauge 

pressure of 0.350 atm, calculate (z2) the volume of the 

helium gas under these conditions, and (b) the temperature 

1ƒ the gas Is compressed to precisely half the volume at a 

gauge pressure of 1.00 atm. 

(H) A storage tank contains 21.6 kg of nitrogen (N;) at an 

absolute pressure of 3.45 atm. What wIll the pressure be If 

the nitrogen 1s replaced by an equal mass of CO; at the same 
temperature? 

(HA storage tank at STP contains 28.5 kg of nitrogen (N;). 

(a) What 1s the volume of the tank? (b) What is the pres- 

sure 1ƒ an additional 32.2 kg of nitrogen is added without 

changing the temperature? 

28. (IH) A scuba tank 1s filled with air to a gauge pressure of 
204 atm when the atr temperature 1s 29°C. A diver then jumps 
1nto the ocean and, after a short time on the ocean surface, 
checks the tank”s gauge pressure and finds that it is only 
191 atm. Assuming the diver has inhaled a negligible amount 
Of air from the tank, what 1s the temperature of the ocean 
water? 

29. (11) What is the pressure inside a 38.0-L container holding 
105.0 kg ofargon gas at 21.6°C? 


25 


26 


27, 


30. 


3 


32. 


33 


34. 


35 


36 


37. 


(TI) A sealed metal container contains a gas at 20.0°C and 
1.00 atm. To what temperature must the gas be heated for 
the pressure to double to 2.00 atm? (Ignore expansion of the 
container.) 

T) A tre ¡s filled with air at 15°C to a øauge pressure of 
230 kPa. If the tire reaches a temperature of 38§°C, what 
fraction of the original air must be removed I!f the oripInal 
pressure of 230 kPa is to be maintained? 

(I) TỶ 61.5 L of oxygen at 18.0°C and an absolute pressure 
of 2.45 atm are compressed to 38.8 L and at the same time 
the temperature 1s raised to 56.0°C, what wIll the new pres- 
sure be? 

(ID) You buy an “airtipght” bag of potato chips packaged at 
sea level, and take the chips on an airplane flight. When 
you take the potato chips out of your “carry-on” bag, you notice 
1t has noticeably “puffed up.” Airplane cabins are typically 
pressurized at 0.75 atm, and assuming the temperature 
1nside an airplane 1s about the same as inside a potato chip 
processing plant, by what percentage has the bag “puffed 
up” in comparison to when 1t was packaged? 

ID) A helium-filled balloon escapes a child”s hand at sea 
level and 20.0°C. When 1t reaches an altitude of 3600 m, 
where the temperature 1s 5.0°C and the pressure only 
0.68 atm, how wIll its volume compare to that at sea level? 
(H) Compare the value for the density of wafter vapor at 
exactly 100°C and 1 atm (Table 10—1) with the value predicted 
from the ideal gas law. Why would you expect a difference? 
(II) A sealed test tube traps 25.0 cm” of air at a pressure of 
1.00 atm and temperature of 18°C. The test tube's stopper 
has a diameter of 1.50 em and will “pop off” the test tube 
1 a net upward force of 10.0N 1s applied to it. To what 
temperature would you have to heat the trapped aïr in order 
to “pop off” the stopper? Assume the aIr surrounding the 
test tube 1s always at a pressure of 1.00 atm. 

(TT) An aïr bubble at the bottom of a lake 41.0 m deep has 
a volume of 1.00 em”. If the temperature at the bottom is 
5.5°C and at the top 18.5°C, what is the radius of the bubble 
Jjust before 1t reaches the surface? 


13-8 ldeal Gas Law in Terms of Molecules; 


38. 


39. 


40. 


4I. 


42. 


Avogadro's Number 
(ID Calculate the number of molecules/mỔ in an ideal gas 
at STP. 
(D How many moles of water are there in 1.000 L at STP? 
How many molecules? 
(ID) Estimate the number of (2) moles and (5) molecules 
of water In all the Earth's oceans. Assume wafter cOVeTs 
75% of the Earth to an average depth of 3 km. 
(IT) The lowest pressure attainable using the best available 
vacuum techniques is about 10”!?N/mZ. At such a pressure, 
how many molecules are there per cm” at 0°C? 
(II) Is a gas mostly empty space? Check by assuming that 
the spatial extent of the gas molecules In air Is about 
£s; = 0.3nm so one gas molecule occupies an approximate 
volume equal to Øÿ. Assume STP. 


13-9. Molecular Interpretation of Temperature 


43. 


44. 


(D (z) What ïs the average translational kinetic energy of a 
nitrosgen molecule at STP? (5) What is the total transla- 
tional kinetic energy of 1.0 mol of Na molecules at 25°C? 
(D Calculate the rms speed of helium atoms near the 
surface of the Sun at a temperature of about 6000 K. 


45. 


4ó. 


41. 


48. 


49. 


50. 


51. 


5%. 


5. 


54. 


13- 


s. 


S6. 


S% 


58. 


(D By what factor will the rms speed of gas molecules 
1ncrease 1f the temperature is Increased from 20°C to 160°C? 


(DA gas is at 20°C. To what temperature must it be raised 
to triple the rms speed of Its molecules? 


(1) What speed would a 1.0-g paper clip have ïf it had the 
same kinetic energy as a molecule at 22°C? 


(II) The rms speed of molecules in a gas at 20.0°C ïs to be 
Iincreased by 4.0%. To what temperature must 1t be raised? 


(H) If the pressure in a gas 1s tripled while 1ts volume 1s 
held constant, by what factor does 0rms change? 


(ID) Show that the rms speed of molecules in a øas 1s øIven 
by œrms = W⁄3P/p, where P is the pressure in the gas and 
p 1s the gas densIty. 

(I) Show that for a mixture of two øases at the same tem- 
perature, the ratio of their rms speeds 1s equal to the Inverse 
rato of the square roots of their molecular masses, 
0/0 = VM,/MI. 

(II) What ïs the rms speed of nitrogen molecules contained 
in an 8.5-m” volume at 2.9atm if the total amount of 
nifrogen is 2100 mol? 


(H) Two isotopes of uranium, ”U and 2U (the superscripts 
refer to their atomic masses), can be separated by a gas 
diffusion process by combining them with fluorine to make 
the gaseous compound UEs. Calculate the ratio of the rms 
speeds of these molecules for the two 1sotopes, at constant 7: 
Ủse Appendix B for masses. 


(TT) Calculate (a) the rms speed of an oxyeen molecule at 
0°C and (b) determine how many times per second it would 
move back and forth across a 5.0-m-long room on average, 
assuming 1t made no collisions with other molecules. 


11 Real Gases; Phase Changes 


(D CO; exists in what phase when the pressure is 35 atm 
and the temperature is 35°C (Fig. 13-23)? 


(D (2) At atmospheric pressure, in what phases can CO; 
exist? (b) For what range of pressures and temperatures can 
CO; be a liquid2 Refer to Elg. 13—23. 


(D Water Is in which phase when the pressure ¡s 0.01 atm 
and the temperature is (2) 90°C, (b) —20°C? 

(IH) You have a sample of water and are able to control 
temperature and pressure arbitrarily. (z) Using Fig. 13-22, 
describe the phase changes you would see 1ƒ you sfarted at a 
temperature of 85°C, a pressure of 180 atm, and decreased 
the pressure down to 0.004 atm while keeping the temper- 
ature fixed. (b) Repeat part (z) with the temperature at 
0.0°C. Assume that you held the system at the starting 
conditions long enouph for the system to stabilize before 
making further changes. 


13-12 Vapor Pressure and Humidity 


"5, 


60. 


61. 


@2. 


(D What is the partial pressure of water vapor at 30°C 1f 
the humidity is 75%? 

(1 What ¡s the air pressure at a place where water boils at 
80°C? 

(I) What ïs the dew poïnt 1Ÿ the humidity 1s 65% on a day 
when the temperature 1s 25°C? 


(I) Tf the air pressure at a particular place in the mountains 
1s 0.80 atm, estimate the temperature at which water boIls. 
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Problems 


63. 


64. 


65. 


66 


b 


(I) What ¡is the mass of water in a closed room 
5.0m x 6.0m % 2.4m when the temperature 1s 25”C and 
the relative humidity is 55%? 


(H) A pressure cooker is a sealed pot designed to cook food 
with the steam produced by boiling water somewhat above 
100°C. The pressure cooker in Eig. 13-32 uses a weight of 
mass # to allow steam to escape at a certain pressure throuph 
a small hole (diameter đ) in the cookers lid. If đ = 3.0mm, 
what should be in 
orđer to cook food at 
120°C? Assume that 
atmospheric pressure 
outside the cooker 1s 


Weight 
(mass 7) 


1.01 x 10” Pa. 
Steam 
Water Wat 
FIGURE 13-32 = 
Problem 64. 
(II) If the humidity in a sealed room of volume 420 mỞ at 


20°C is 65%, what mass of water can still evaporate from 
an open pan? 

(II) Air that 1s at its dew point of 5°C is drawn Into a 
building where 1t 1s heated to 22”C. What wIll be the relative 
humidity at this temperature? Assume constant pressure 
of 1.0 atm. Take Into account the expansion of the aIr. 


67. 


(II) When using a mercury barometer (Section 10—6), the 
VapOT pressure of mercury is usually assumed to be zero. 
At room temperature mercury°s vapor pressure 1s about 
0.0015 mm-Hbg. At sea level, the height h of mercury In a 
barometer ¡is about 760 mm. (ø) If the vapor pressure of 
mercury 1s neplected, 1s the true atmospheric pressure 
greater or less than the value read from the barometer? 
(b) What is the percent error? (c) What is the percent error 
1ƒ you use a water barometer and iønore wafter”s saturated 
vapor pressure at ŸTP? 


*13-13 Diffusion 


*68. 


*69. 


(H) Estimate the time needed for a glycine molecule (see 
Table 13-4) to diffuse a distance of 25 m in water at 20°C If 
its concentration varies over that distance from 1.00 mol/mỶ 
to 0.50 mol/m”? Compare this “speed” to its rms (thermal) 
speed. The molecular mass of glycine 1s about 75 u. 

(II) Oxygen difuses from the surface of insec(s to the 
interior throuph tiny tubes called tracheae. An average 
trachea 1s about 2 mm long and has cross-sectional area of 
2 x 10?m. Assuming the concentration of oxygen inside 
1s half what ït is outside in the atmosphere, (2) show that 
the concentration of oxygen ¡n the air (assume 21% is 
oxygen) at 20°C is about 8.7 mol/mổ, then (b) calculate the 
diffusion rate J, and (c) estimate the average time for a 
molecule to diffuse In. Assume the diffusion constant 1s 
1x 10'm”/s. 


l General Problems 


70. 


71. 


72. 


73. 


74. 


15. 


76. 


xi 
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A Pyrex measuring cup was calibrated at normal room tem- 
perature. How much error wIll be made In a recipe calling 
for 375 mL of cool water, 1Ÿ the water and the cup are hot, 
at 95°C, instead of at room temperature? Neglect the ølass 
©expansion. 

A precise steel tape measure has been calibrated at 14°C. 
At37°C, (a) wIll it read hiph or low, and (5) what wIll be 
the percentage error? 

A cubic box of volume 6.15 x 10? mỶ is filled with air at 
atmospheric pressure at 15”°C. The box is closed and heated 
to 165°C. What ¡s the net force on each side of the box? 
The gauge pressure In a helium gas cylinder 1s initially 
32 atm. After many balloons have been blown up, the gauge 
pressure has decreased to 5 atm. What fraction of the orig- 
1nal gas remains In the cylinder? 

T a scuba diver fills his lungs to full capacity of 5.5 L when 
9.0m below the surface, to what volume would his lungs 
expand !f he quickly rose to the surface? Is this advisable? 
A house has a volume of 1200 mỶ. (2) What is the total mass 
Of air inside the house at 15°C? (5) If the temperature drops 
to —15°C, what mass 0Ý air enters or leaves the house? 
Estimate the number of air molecules in a room of length 
6.0m, width 3.0 m, and heipht 2.5 m. Assume the tempera- 
ture 1s 22°C. How many moles does that correspond to? 
An rron cube floats in a bowl of liquid mercury at 0°C. 
(a) If the temperature ¡s raised to 25°C, will the cube float 
hipher or lower in the mercury? (5) By what percent will 
the fraction of volume submerged change? [Himí: See 
Chapter 10.] 


78. 


79. 


80 


81. 


82 


b 


83. 


A helium balloon, assumed to be a perfect sphere, has a 
radius of 24.0 cm. At room temperature (20°C), 1ts Internal 
pressure 1s 1.08 atm. Determine the number of moles of 
helium 1n the balloon, and the mass of helium needed to 
Iinflate the balloon to these values. 


A standard cylinder of oxygen used in a hospital has 
gauge pressure = 2000 psi (13,800 KPa) and volume = 14L 
(0.014 m3) at 7 = 295 K. How long will the cylinder last if 
the flow rate, measured at atmospheric pressure, 1s constant 
at 2.1 L/min? 


A brass lid screws tightly onto a glass Jar at 15°C. To help 
open the Jar, It can be placed Into a bath of hot water. 
After this treatment, the temperatures of the lid and the 
Jar are both 55°C. The inside diameter of the lid 1s 8.0 cm. 
Find the size of the gap (difference in radius) that develops 
by this procedure. 


The density of gasoline at 0°C is 0.68 < 10 kg/mỷ. (z) What 
1s the density on a hot day, when the temperature 1s 33°C? 
(b) What ¡s the percent change in density? 


The first real length standard, adopted more than 200 years 
ago, was a platinum bar with two very fine marks separated 
by what was defined to be exactly one meter. If this standard 
bar was to be accurate to within + 1.0 m, how carefully 
would the trustees have needed to control the temperature? 
The coefficient of linear expansion is 9 x 10 5/C°, 


Ta steel band were to fit snuply around the Earth's equator 
at 25°C, but then was heated to 55”C, how hiph above the 
Earth would the band be (assume equal everywhere)? 
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. In outer space the density of matter 1s about one atom per 


cm, mainly hydrogen atoms, and the temperature is about 


2.7K. Calculate the rms speed of these hydrogen atoms, 
and the pressure (in atmospheres). 

(2) Estimate the rms speed of an amino acid, whose molecular 
mass is 89u, in a living cell at 37°C. (b) What would be the 
rms speed of a protein of molecular mass 85,000 u at 37C? 
The escape speed from the Earth is 1.12 x 10m/s, so that 
a gas molecule traveling away from Earth near the outer 
boundary of the Earth's atmosphere would, at this speed, 
be able to escape from the Earth°s gravitational field and be 
lost to the atmosphere. At what temperature 1s the rms 
speed of (z2) oxygen molecules, and (5) helium atoms 
equal to 1.12 x 10fm/s? (e) Can you explain why our 
atmosphere contains oxygen but not helium? 

Consider a container of oxygen gas at a temperature of23°C 
that 1s 1.00 m tall. Compare the gravitational potential energy 
of a molecule at the top of the container (assuming the 
potential energy 1s zero at the bottom) with the average 
kinetic energy of the molecules. Is 1t reasonable to neglect 
the potential energy? 
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A space vehicle returning from the Moon enters the Earth's 
atmosphere at a speed of about 42,000 km/h. Molecules 
(assume nitrogen) striking the nose of the vehicle with this 
speed correspond to what temperature? (Because of this 
high temperature, the nose of a space vehicle must be made 
Of special materials; indeed, part of it does vapor1ze, and 
this 1s seen as a bright blaze upon reentry.) 

A sauna has 8.5 m of air volume, and the temperature 1s 
S5°C. The air Is perfectly dry. How much water (in kg) 
should be evaporated Iƒ we want to Increase the relative 
humidity from 0% to 10%? (See Table 13-3.) 


A 0.50-kg trash-can lid is suspended against øravity by tennis 
balls thrown vertically upward at 1t. How many tennis balls 
pe€r second must rebound from the lid elastically, assuming 
they have a mass of 0.060 kg and are thrown at 15 m/s2? 

In humid climates, people constantly dehumidify their cel- 
lars to prevent rot and mildew. If the cellar in a house (kept 
at 20°C) has 105 mỂ of floor space and a ceiling height of 
2.4m, what ¡is the mass of water that must be removed 
from it in order to drop the humidity from 95% to a more 
reasonable 40% 
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A: 
B: 
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This Chapter ø1ves two ways to calculate the thermal expan- 
sion 0Ÿ a øas at a constant pressure of 1.0atm. se both 
methods to calculate the volume change of 1000L of an 
1deal gas as It goes Írom —100°C to 0°C and from 0°C to 
100°C. Why are the answers different? 


. A scuba tank when fully charged has a pressure of 180 atm at 


18°C. The volume of the tank ¡is 11.3 L. (z) What would the 
volume of the air be at 1.00 atm and at the same tempera- 
ture? (b) Before entering the wafter, a person consumes 2.0 L 
Of aïr In each breath, and breathes 12 times a minute. At this 
rate, how long would the tank last? (c) At a depth of 23.0m 
1n sea water at a temperature of 10°C, how long would the 
same tank last assuming the breathing rate does not change? 
A 28.4-kg solid aluminum cylindrical wheel of radius 
0.41 m 1s rofating about 1ts axle in frictionless bearings with 
angular velocity œ@ = 32.8rad/s. If is temperature ¡s then 
raised from 15.0°C to 95.0°C, what is the fractional change 
1n @? 


. A hot-ar balloon achieves Its buoyant li by heating 


the aIr inside the balloon, which makes it less dense than 
the air outside. Suppose the volume of a balloon is 1800 m° 
and the required lift is 3300 N (rough estimate of the weipht 
of the equipment and passenger). Calculate the tempera- 
ture of the air Inside the balloon which will produce the 
requrred lift. Assume the outside air 1s an ideal gas at 0°C. 
'What factors limit the maximum altitude attainable by this 
method for a given load? [Hnr: See Chapter 10.] 


NSWERS TO EXERCISES 
() Hipher, (1) same, (11) lower. 

(4). 

(b). 


hỗ 


D: 
E: 
F: 


Estimate how many molecules of air are in each 2.0-L 
breath you inhale that were also in the last breath Galileo 
took. Assume the atmosphere 1s about 10km hiph and of 
constant density. What other assumptions did you make? 


(z) The second postulate of kinetic theory 1s that the molecules 
are, on average, far apart from one another. That 1s, their 
average separation 1s much greater than the diameter of 
cach molecule. Is this assumption reasonable? To check, 
calculate the average distance between molecules of a øas 
at STP. and compare 1t to the diameter of a typical gas mole- 
cule, about 0.3 nm. () If the molecules were the diameter of 
pIing-pong balls, say 4cm, how far away would the next 
ping-pong ball be on average? (c) Repeat part a, but now 
assume the gas has been compressed so that the pressure 1s 
now 3atm but stl at 273K. (đ) Estimate what % of the 
total volume of øas 1s taken up by molecules themselves In 
parts z and c. [Note that the volume of the molecules them- 
selves can become a significant part of the total volume at 
lower temperatures and higher pressures. Hence the actual 
volume the molecules have to bounce around ïn is less than 
the total volume. This contributes to the effect shown In 
Hig. 13-21 at hiph pressures where real gases (solid red lines) 
deviate from ideal gas behavior (dashed lines A” and B').] 


(b) Less. 
(4). 
(4). 
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'When it is cold, warm clothes act as 
1nsulators to reduce heat loss Írom 
the body to the environment by 
conduction and convection. Heat 
radiation from a campfire can warm 
you and your clothes. The fire can 
also transfer energy directly by heat 
convectfion and conduction to what 
you are cooking. Heat, like work, 
represents a transfer of energy. Heat 
1s defined as a transfer of energy due 
to a difference of temperature. 
Internal energy Ù is the sum toftal of 
all the energy of all the molecules 

of the system. 
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Heat 


CHAPTER-OPENING QUESTION——Guess now! 
A 5-kg cube of warm iron (60°C) 1s put in thermal contact with a 10-kg cube of 
cold iron (15°C). Which statement 1s valid? 
(a) Heat flows spontaneously from the warm cube to the cold cube until both 
cubes have the same heat content. 
(b) Heat flows spontaneously from the warm cube to the cold cube until both 
cubes have the same temperature. 
(e)_ Heat can flow spontaneously from the warm cube to the cold cube, but can 
also flow spontaneously from the cold cube to the warm cube. 
(d) Heat flows from the larger cube to the smaller one because the larger one 
has more Internal energy. 


hen a pot of cold water is placed on a hot burner of a stove, the tem- 
perature of the water increases. We say that heat “flows” from the hot 
burner to the cold water. When two obJects at different temperafures 
are put in contact, heat spontaneously flows from the hotter one to the colder one. 
The spontaneous flow of heat 1s in the direction tending to equalize the tempera- 
ture. If the two obJects are kept 1n contact long enoueh for their temperatures to 
become equal, the objects are said to be in thermal equilibrium, and there 1s no 
turther heat flow between them. For example, when a fever thermometer 1s firsf 
placed In your mouth, heat flows from your mouth to the thermometer. When 
the thermometer reaches the same temperature as the Inside of your mouth, the 
thermometer and your mouth are then in equilibrium, and no more heat flows. 
Heat and temperature are often confused. They are very different concepts, 
and in this Chapter we will make a clear distinction between them. We begin by 
defining and using the concept of heat. We also discuss how heat is used In 
calorimetry, how 1f 1s involved in changes of state of matter, and the processes Of 
heat transfer—conduction, convection, and radiation. 


14-1 Heat as Energy Transfer 


We use the term “heat” 1n everyday life as If we knew what we meant. But the 
term 1s often used Inconsistently, so 1t 1s Important for us to defne heat clearly, 
and to clarify the phenomena and concepts related to heat. 

We commonly speak of the flow of heat——heat flows from a stove burner to a 
pot Of soup, from the Sun to the Earth, from a persons mouth into a fever ther- 
mometer. Heat flows spontaneously from an object at higher temperafure to one 
at lower temperature. Indeed, an eighteenth-century model of heat pictured heat &® CAUTION 
flow as movement of a fuid substance called caforic. However, the caloric fluid Heat is not a fluid 
could never be detected. In the nineteenth century, 1t was found that the various 
phenomena associated with heat could be described consistently using a new 
model that views heat as being akIn to work, as we wIll discuss In a moment. First 
we nofe that a common umit for heat, still1n use today, 1s named after caloric. It 1s 
called the calorie (cal) and 1s defined as (he amoumt öƒ heat necessary to raise the 
temperature öƒ I gram öƒ tuater by 1 Celsius degree. [To be precise, the particular 
temperature range from 14.5°C to 15.5°C 1s specified because the heat required 
1s very slightly different at different temperatures. The difference is less than 1% 
over the range 0 to 100°C, and we will ignore 1t for most purposes.| More often 
used than the calorie 1s the kilocalorie (kcal), which 1s 1000 calories. Thus 7 kca! 
¡s the heat needed to raise the temnperature öƒ Ï kg öƒ tuatfer by IC°. Often a kilo- 
calorle is called a Calorie (with a capital C), and this Calorie (or the kJ) ïs used to 
specIfy the energy value of food. In the British system of unifs, heatf 1s measured 
in British thermal units (Btu). One Btu ¡is defined as the heat needed to raise 
the temperature of 1lb of water by 1FE°. It can be shown (Problem 5) that 
1 Btu = 0.252 kcal = 1056 J. Also, one therm ¡s 107 Btu. 

The Idea that heat 1s related to energy transfer was pursued by a number of 
scientists In the 1800s, particularly by an English brewer, James Prescott Joule 
(1818-1889). Joule and others performed a number of experiments that were 
crucial for establishing our present-day view that heat, like work, represents a 
transfer of energy. One of Joule”s experiments is shown (simplified) in Eig. 14—1.  FIGURE 14-1 Joule's experiment 
The falling weight causes the paddle wheel to turn. The friction between the on the mechanical equivalent of heat. 
water and the paddle wheel causes the temperature of the water to rise slightly [The work is transformed into internal 
(barely measurable, in fact, by Joule). The same temperature rise could also be  €nergy (Secdon 14-2). 
obftained by heating the water on a hot stove. In this and many other experImenfs 
(some involving electrical energy), Joule determined that a given amount of 
work done was always equivalent to a particular amount of heat input. Quantita- 
tively, 4.186 joules (J) of work was found to be equivalent to 1 calorie (cal) of heat. 

Thịs 1s known as the mechanical equivalent of heat: 


4.186] 


1 cal; 


4.186kJ = 1 kcalL 


As a result of these and other experiments, scienfists came to Interpret heat 
not as a substance, and not exactly as a form of energy. Rather, heat refers to a &® CAUTION 
transƒer oƒ energy: when heat flows from a hot obJect to a cooler one, 1t 1s energy Heaf is energy transƒerred 
that is being transferred from the hot to the cold object. Thus, heatf is eergy because oƒa AT 
transferred from one object to another because 0Ÿ a difference in temperature. In 
SI units, the unit for heat, as for any form of energy, 1s the Joule. Nonetheless, 
calories and kcal are still sometimes used. Today the calorle 1s đefined mm terms 
of the joule (via the mechanical equivalent of heat, above), rather than in terms of 
the properties of wafer, as ø1ven previously. The latter 1s still handy to remember: 
1 cal raises 1 g of water by 1 C”, or 1 kcal ralses 1 kg of water by 1 C°. 
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@Òpnvsics APPLIED 
Working oƒƒ Calories 


SÂŠ*CAUTION 


Distinguish heat from 
internal energy and from 
leInperature 


$*CAUTION 


Direction öƒ heat [lo 
depends on tenDeratures 
(not on armnount 0ƒ internal energy) 
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EXAMPLE 14-1 | ESTIMATE | Working off the extra Calories. Suppose you 
throw caution to the wind and eat 500 Calories of Ice cream and cake. To compen- 


sate, you want to do an equivalent amount of work climbing sfairs or a mounfaIn. 
How much total height must you climb? 
APPROACH The work W you need to do in climbing stairs equals the change in 
øravitational potential energy: W = APE = mgh, where h is the vertical height 
chmbed. For this estimate, let us approximate your mass as 7 60 kg. 
SOLUTIONL 500 food Calories 1s 500 kcal, which in Joules 1s 

(500 kcal)(4.186 x 10J/kcal) = 2.1 x 1061. 
The work done to climb a vertical height h1s W = mgh. We solve for h: 


2.1 x 10 
`. - — = 3600m. 
ng (60 kg)(9.80 m/s”) 


Thịs is a huge elevation change (over 11,000 ft). 


NOTE The human body does not transform food energy with 100% efficiency— 
1t 1s more like 20% efficlent. As we shall discuss in the next Chapter, some 
energy 1s always “wasted,” so you would actually have to clmb only about 
(0.2)(3600 m) 700 m, which 1s more reasonable (about 2300 ft of elevation gain). 


14-2 Internal Energy 


The sum total of all the energy of all the molecules in an obJect 1s called 1s 
infernal energy. (Sometimes thermal energy 1s used to mean the same thing.) We 
mntroduce the concept of1nternal energy now since 1t wIll help clarify ideas about heat. 


Distinguishing Temperature, Heat, and Internal Energy 


Using the kinetic theory, we can make a clear distinction between temperafture, 
heat, and internal energy. Temperature (in kelvins) is a measure of the øuerage 
kinetic energy of individual molecules (Eq. 13-8). Internal energy refers to the 
fofal energy of all the molecules within the oblect. (Thus two equal-mass hot ineotfs of 
1ron may have the same temperature, but two of them have twice as much I1nternal 
enerøy as one does.) Heat, finally, refers to a fransƒfer of energy from one object 
to another because of a difference in temperature. 

Notice that the direction of heat flow between two objects depends on the1r 
temperaftures, not on how much 1nfternal energy each has. Thus, 1ƒ 50 ø of wafer at 
30°C ¡s placed in contact (or mixed) with 200 g of water at 25°C, heat flows from 
the water at 30°C fo the water at 25°C even thouph the internal energy of the 25°C 
water 1s much greater because there 1s so much more of 1t. 


Internal Energy of an Ideal Gas 

Let us calculate the 1nternal energy of  moles of an ideal monatomIic (one atom 
per molecule) gas. The internal energy, , 1s the sum of the translational kinetic 
energies of all the atoms. This sum 1s equal to the average kinetic energy per mol- 
ecule times the total number of molecules, N: 


U = N(m??). 


Using Eq. 13-8, KE = ‡zmˆ = $kT, we can write this as 
U = ÿNkT 
or (recall Section 13—8) 


1nternal energy of 


¬¬- 
Ù = ;jHÃI, be monatomic øas 


| (4-1) 


where 7 1s the number of moles. Thus, the internal energy of an ideal gas depends 
only on temperature and the number of moles (or molecules) of øas. 


TỶ the gas molecules contain more than one afom, then the rotational and 
vibrational energy of the molecules (Eig. 14-2) must also be taken into account. 
The Iinternal energy wIll be greater at a gIven temperature than for a monatomIc 
gas, but 1t wIll stlI be a function only of temperature for an Ideal gas. 

The Internal energy of real gases also depends mainly on temperature, but 
where real gases deviate from 1deal gas behavior, therr Internal energy depends 
also somewhat on pressure and volume (due to atomic potential energy). 

The Iinternal energy of liquids and solids 1s quite complicated, for 1t includes 
electrical potential energy associated with the forces (or “chemical” bonds) between 
atoms and molecules. 


14-3 Specific Heat 


Tf heat flows into an object, the object's temperature rises (assuming no phase 
change). But how much does the temperature rise? That depends. As early as the 
eiphteenth century, experimenters had recognized that the amount of heat Q 
requrred to change the temperature of a ø1ven mafterial 1s proportional to the mass 7 
Of the material present and to the temperature change A7. This remarkable sim- 
plicity in nature can be expressed in the equation 

@ = mcAT, (14-2) 
where c is a quantify characteristic of the material called 1ts specific heat. 
Because c = Q/( AT), specific heat is specified in units” of J/kg - C° (the proper 
ST unit) or kcal/kg:CP. For water at 15°C and a constant pressure of 1 atm, 
c = 4.186 x 101/kg-C° or 1.00 kcal/kg -C°, since, by definition of the cal and 
the Joule, 1t takes 1 kcal of heat to raise the temperature of 1 kg of water by 1 C°. 
Table 14—1 gives the values of specific heat for other substances at 20°C. The values 
of c depend to some extent on temperature (as well as slightly on pressure), but 
for temperature changes that are not too øreat, c can often be considered consftant. 


EXAMPLE 14-2 | How heat transferred depends on specific heat. (z) How 
much heat Input 1s needed to raise the temperature of an empty 20-kg vat made of 
1ron from 10°C to 90°C? (5) What ïf the vat ¡s filled with 20 kg of water? 


APPROACH We apply Eq. 14-2 to the different materials involved. 


SOLUTION (z2) Our system 1s the iron vat alone. From Table 14-1, the specific 
heat of iron ¡is 450 J/kg : C°. The change in temperature is (90°C — 10°C) = 80C”. 
Thus, 


Óv„= mcAT = (20kg)(4501/kg-C°)(80CP°) = 7⁄2 x 105] = 720kI. 


(b) Our system ïs the vat plus the water. The water alone would require 
Óy = mcAT = (20kg)(41861/kg-C°)(80CP°) = 6.7 x 10°J = 6700k], 


or almost 10 times what an equal mass of 1ron requires. The total, for the vat 
plus the water, is 720 kJ + 6700 kJ = 7400 kỊ]. 


NOTE In (5), the iron vat and the water underwent the same temperafure 
change, A7' = 80C”, but therr specific heats are different. 


TỶ the iron vat in part (2z) of Example 14-2 had been cøoøfed from 90°C to 10°C, 
720 k] of heat would have flowed øur of the 1ron. In other words, Eq. 14-2 1s valid for 
heat flow either 1n or out, with a corresponding 1ncrease or decrease 1n temperafure. 

We saw ïn part (b) of Example 14-2 that water requires almost 10 times as 
much heat as an equal mass of 1ron to make the same temperature change. Water 
has one of the highest specific heats of all substances, which makes 1t an 1deal 
substance for hot-water space-heating systems and other uses that require a min- 
imal drop 1n temperature for a given amount of heat transfer. It 1s the water 
content, too, that causes the apples rather than the crust in hot apple ple to burn 
our tongues, through heat transfer. 


Note that J/kg-C° means te and zør (J/kg):C° = J-C°/kg (otherwise we would have written 
1t that way). Š 


FIGURE 14-2 Besides translational 
kinetic energy, molecules can have 
(a) rotational kinetic energy, and 
(b) vibrational energy (both kinetic 
and potential). 


TABLE 14-1 Specific Heats 


(at 1 atm constant pressure and 20°C 
unless otherwise stated) 


Specific Heat, c 


kcal/kg - C° 

Substance J/kg-C° (=cal/g-C°) 
Aluminum 900 0.22 
Alcohol 

(ethyl) 2400 0.58 
Copper 390 0.093 
Glass 840 0.20 
Tron or steel 450 0.11 
Lead 130 0.031 
Marble 860 0.21 
Mercury 140 0.033 
Silver 230 0.056 
Wood 1700 0.4 
Water 

lce (—5°C) 2100 0.50 

Liquid (15°C) 4186 1.00 

Steam (110°C) 2010 0.48 
Human body 

(average) 3470 0.83 
Protein 1700 0.4 


@ÒPHvsics APPLIED 


Practical efƒects oƒ tuafers 
high specffic heat 
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TABLE 14-2 
Specific Heats of Gases 
(kcal/kg - C°) 
Cp Cụ 

(consfanf (constant 
Gas pressure) volume) 
Steam (100°C) 0.482 0.350 
Oxygen 0.218 0.155 
Helium 1.15 0.75 
Carbon dioxide 0.199 0.153 
NÑitrogen 0.248 0.177 
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CONCEPTUAL EXAMIPLE 14-3 | A very hot frying pan. You accidentally 


let an empty I1ron frying pan get very hot on the stove (200°C or even more). 
'What happens when you dunk 1t Into a few inches of cool water 1n the bottom 
Of the sink? WIII the final temperature be midway between the Imitial temperaftures 
of the water and pan? WIII the water start boiling? Assume the mass Of waft€r 1s 
roughly the same as the mass of the frying pan. 


RESPONSE Experience may tell you that the water warms up—perhaps by as 
much as 10 or 20 degrees. The water doesn”t come close to boiling. The water”s 
temperature increase 1s a lot less than the frying pan® temperature decrease. 
Why? Because the mass of water 1s roughly equal to that of the pan, and 1ron 
has a specific heat nearly 10 times smaller than that of water (Table 14-1). As 
heat leaves the frying pan and enters the water, the Iron pan”s temperature 
change will be about 10 times greater than that of the water. I£ instead, you let a few 
drops of water fall onto the hot pan, that very small mass of water wIll s1zzle and boil 
away (the pan”s mass may be hundreds of times larger than that of the water drops). 


EXERCISEAA Return to the Chapter-Opening Question, page 390, and answer It again 
now. Try to explain why you may have answered differently the first time. 


* Specific Heats for Gases 


Specific heats for øases are more complicated than for solids and liquids, which 
change In volume only slightly with a change in temperature. Gases change 
strongly 1n volume with a change In temperature at constanf pressure, as We saw 
in Chapter 13 with the gas laws; or, 1ƒ kept at constant volume, the pressure 1n a 
gas changes strongly with temperature. The specific heat of a gas depends very 
much on how the process of changing 1s temperature 1s carried out. Most com- 
monly, we deal with the specific heats of gases kept (a) at constant pressure (cp) 
or (b) at constant volume (cy). Some values are given in Table 14-2, where we 
see that cp 1s always greater than cy. For hquids and solids, this distinction 1s 
usually negligible. More details are given in Appendix D on molecular specIfic 
heats and the equIpartition of energy. 


14-4 Calorimetry—Solving Problems 


In discussing heat and thermodynamics, we often consider a particular system, 
which 1s any obJect or set of obJects we choose to consider. Everything else 1n the 
universe 1s ifs “environmenft” (or the “surroundings”). There are several cate- 
Øorles Of systems. A closed sysfem is one for which no mass enters or leaves (but 
energy may be exchanged with the environment). In an 0pen sysfem, mass may 
enter or leave (as may enersgy). Many (idealized) systems we study In physics 
are closed systems. But many systems, including plants and animals, are open 
systems since they exchange materials (food, oxygen, waste products) with the 
environment. A closed system 1s said to be isolated 1f no energy In any form 
(as well as no mass) passes across 1s boundaries; otherwise ït is not isolated. 

A perfectly 1solated system 1s an ideal, but we often try to set up a system that 
can be closely approximated as an isolated system (preferably one we can deal with 
fairly easily). When different parts of an isolated system are at different tempera- 
tures, heat will flow (energy 1s transferred) from the part at hipher temperature to 
the part at lower temperature——that is, within the system——until thermal equilibrium 
1s reached, meaning the entire system 1s at the same temperature. For an Isolated 
sSystem, no enersy 1s transferred Into or out O1t. So we can apply cor:seruafion oƒenergy 
to such an 1solated system. A simple Infuitive way fo set up a conservafion Of energy 
equation 1s to write that the heat lost by one part of the system 1s equal to the heat 
gained by the other part: 


heatlost =  heat gained [isolated system] 
OF 


enerøy øwuf of one part =_ energy /o another part.  [isolated system] 


The cup cools the tea. If 200 cmỶ of tea at 95°C is poured 
Into a 150-g glass cup Immitially at 25°C (Fig. 14-3), what wIll be the common final 
temperature 7 of the tea and cup when equilibrium 1s reached, assuming no heat 
flows to the surroundings? 


APPROACH We apply conservation of energy to our system of tea plus cup, 
which we are assuming 1s 1solated: all of the heat that leaves the tea flows Into 
the cup. We can use the specific heat equation, Eq. 14-2, to determine how the 
heat flow 1s related to the temperature changes. 

SOLUTION Because tea is mainly water, we can take is speciflic heat as 
4186 J/kg:C° (Table 14-1), and its mass 7 is its density times ifs volume 
(V = 200 cm = 200 x 10m): 7= pVW = (1.0 x 10 kg/m?)(200 x 10 ° m) = 
0.20 kg. We use Eq. 14-2, apply conservation of enersy, and let 7'be the as yet 
unknown final temperature: 


heat lost bytea =_ heat gained by cup 
tea Cea(95°C ă độ — PHoeup Coup(T " 25°C). 


Putting in numbers and using Table 14-1 (c¿up = 8401J/kg-C° for glass), we 
solve for 7, and fnd 


(0.20 kg)(4186 J/kg:C°)(95°C — 7) = (0.15 kg)(8401/kg:C°)(7 - 25°C) 
79,500 ] — (837J/C°)7 = (126]/C°)7 - 3150] 
T = 86C. 
The tea drops In temperature by 9 C° by coming Iinto equilibrium with the cup. 


NOTE The cup increases In temperature by 86°C — 25°C = 61C”. Its much 
øreater chanøe in temperature (compared with that of the tea water) is due to 
1(s much smaller specific heat compared to that of water. 


NOTE In this calculation, the A7 (of Eq. 14-2, @ = me AT) 1s a positive quan- 
tity on both sides of our conservaftion of energy equation. On the left is “heat 
lost” and A7 is the initial minus the final temperature (95°C — 7), whereas on 
the ripht is “heat gained” and A7' 1s the final minus the imitial temperature. 


Another, perhaps more general, way to set up the energy conservafion equa- 
tion for heat transfer withim an 1solated system 1s to wrife that the sum of all 
1nternal heat transfers within the system adds up to zero: 


>Ợ = 0. [isolated system] (14-3) 
Each Q represents the heat entering or leaving one part of the system. Each term 
1S Wriften as @ = mc(Tq = Tì), and A7 = 7 — T¡ 1s always the fnal minus the 


1nitial temperature. A7 can be either positive or negative, depending on whether 
heat flows Into or out of that part. Let us redo Example 14-4 using »Ó = 0. 


EXAMPLE 14-4' ' Alternate Solution, >O = 0. 
APPROACH We use Eq. 14-3, >Ó = 0. 
SOLUTION For each term, A7 =7;— 7¡. IlÝ 7< 7¡, then A7 <0. 
Equation 14-3, X@ = 0, becomes 
fHeup Coap(T — 25°C) + maC@¿¿(T — 95°G) = 0D, 


The second term 1s negative because 7`wIll be less than 95°C. Solving the algebra 
ø1ves the same result, 7' = 86”C. 


You are free to use either approach. They are entirely equivalent, alge- 
braically. For example, 1ƒ you move the first term 1n the displayed equation of the 
alternate Example 14-4 over to the other side of the equals sign, you obtain the 
“heat lost = heat gained” equation 1n the first version of Example 14-4. 


_—-: 


7 


(a) 
FIGURE 14-3 Example 14-4. 


$*CAUTION 
When using 
heat lost = heat gained, 
AT is positibe on both sides 


Alternate approach: »Q = 0 
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'Thermometer Stirrer 


Insulating lid 


Air (mnsulation) 
Insulating CalorImeter 
Jacket cup 


FIGURE 14-4 Simple water 
calorimeter. 
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The exchange of energy, as exemplifiied in Example 14-4, 1s the basis for a 
technique known as calorimetry, which 1s the quantitative measurement of heat 
exchange. To make such measurements, a calorimefer 1s used; a simple water 
calorimeter 1s shown 1n Eig. 14—4. It is very Important that the calorimeter be well 
1insulated so that almost no heat 1s exchanged with the surroundings. One Impor- 
tant use of the calorimeter 1s in the determination of specific heats of substances. 
In the technique known as the “method of mixtures,” a sample of a substance 1s 
heated to a high temperature, which 1s accurately measured, and then quickly 
placed In the cool water of the calorimeter. The heat lost by the sample will be 
gained by the water and the calorimeter cup. By measuring the final temperature 
of the mixture, the specific heat can be calculated, as 1llustrated In the following 
Example. 


Unknown specific heat determined by calorimetry. An 
engineer wishes to determine the specific heat of a new metal alloy. A 0.150-kg 
sample of the alloy 1s heated to 540°C. It ¡s then quickly placed in 0.400 kg of 
water at 10.0°C, which 1s contained 1n a 0.200-kg aluminum calorimeter cup. The 
final temperature of the system 1s 30.5°C. Calculate the specific heat of the alloy. 


APPROACH We apply conservation of energy to our system, which we take to 
be the alloy sample, the water, and the calorimeter cup. We assume this system 
1s Isolated, and apply Eq. 14-3, »Ó = 0. 

SOLUTION Each term ¡s of the form @ = mc(T¡ — Tì). Thus >Ợ = Ú gives 


mạca AT + mựycy ẤTqy + mai ca AT = Ô 


where the subscripts a, w, and cal refer to the alloy, water, and calorimeter, 
respectively, and each A7 1s the final temperature (30.5°C) minus the initial 
temperature for each object. When we put in values and use Table 14-1, this 
equation becomes 


(0.150 kg)(c„)(30.5°C — 540°C) + (0.400 kg)(4186 J/kg-C°)(30.5°C — 10.0°C) 
+ (0.200 kg)(900 J/kg -C°)(30.5°C — 10.0°C) = 0, 
OT 
—(76.4kg-C°)cạ + 34,300] + 3690J = 0. 


Solving for cạ we obtaIn: 
cạ = 497]/kg:C° + 5001/kg:C°. 


NOTE We rounded off because we have ignored any heat transferred to the 
thermometer and the stirrer (which is used to quicken the heat transfer process 
and thus reduce heat loss to the outside). To take them Into account we would 
have to add (small) additional terms to the equation. 


In all Examples and Problems of this sort, be sure to include z// obJects that 
gain or lose heat (within reason). For simplicity, we have Ignored very small masses, 
such as the thermometer and the stirrer, which wIll affect the energy balance only 
very slightly. 


Bomb Calorimeter 


A bomb calorimefer is used to measure the thermal energy released when a 
substance burns (mcluding foods) to determine their Calorie content. A carefully 
weighed sample of the substance, with an excess amount of oxygen, 1s placed In a 
sealed container (the “bomb”). The bomb 1s placed in the water of the calorimeter 
and a fine wire passing Into the bomb ¡is then heated to Ignite the mixture. 
The Calorie content of foods determined 1n this way can be unreliable because our 
bodies may not metabolize all the available energy (which would be excreted). 
Careful measurements and calculations need to take this into account. 


80 + 
60 + 
40 Water and steam 
20+ 


Water 
(all liquid) 


Temperature (°C) 


0 20 100 200 300 400 500 600 


Heat added (kcal) 


14-5 Latent Heat 


'When a material changes phase from solid to liquid, or from liquid to gas (see also 
Section 13—11), a certain amount of energy 1s involved in this change of phase. 
For example, let us trace what happens when a 1.0-kg block of ice at —40°C 
1s heated at a slow steady rate until all the Ice has changed to water, then the 
(Iquid) water ¡is heated to 100°C and changed to steam, and heated further 
above 100°C, all at 1 atm pressure. As shown In the graph of Hig. 14—5, as the Ice 
is heated starting at —40°C, its temperature rises at a rate of about 2 C°/kcal 
of heat added (since for ice, c & 0.50 kcal/kg:C°). However, when 0°C ïs 
reached, the temperature stops 1ncreasing even though heat 1s still being added. 
The Ice gradually changes to water In the liquid state, with no change In tempera- 
ture. After about 40 kcal has been added at 0°C, half the Ice remains and half 
has changed to water. After about 80 kcal, or 330 k], has been added, all the Ice 
has changed to water, stil at 0°C. Continued addition of heat causes the wafer”s 
temperature to again increase, now at a rate of 1 C°/kcal. When 100°C ¡s reached, 
the temperature again remains consfant as the heat added changes the liquid water 
to vapor (steam). About 540 kcal (2260 k]) is required to change the 1.0 kg of 
water completely to steam, after which the graph rises agaIn, Indicating that the 
temperature of the steam rises as heat 1s added. 

The heat required to change 1.0 kg of a substance from the solid to the liquid 
state 1s called the heat of fusion; 1t is denoted by Lr. The heat of fusion of water 
is 79.7 kcal/kg or, in proper SI units, 333 kJ/kg (= 3.33 x 10”J/kg). The heat 
requrired to change a substance from the liquid to the vapor phase 1s called the 
heat of vaporization, Ly. For water it is 539 kcal/kg or 2260 kJ/kg. Other 
substances follow graphs similar to Fig. 14-5, although the melting-point and 
boiling-point temperatures are different, as are the specifiic heats and heats of 
fusion and vapor1zation. Values for the heats of fusion and vapor1zation, which 
are also called the latent heafs, are given In Table 14—3 for a number of substances. 


TABLE 14-3 Latent Heats (at 1 atm) 


Heat of Fusion 


Water vapor (steam) 


700 740 


FIGURE 14-5 Temperature as a 
function of the heat added to bring 
1.0 kg ofice at —40°C to steam 
above 100C. 


Heat of Vaporization 


Subsfance Melting Point Boiling Point 
(°C) kJ/kg kcal/kg” (°C) kJ/kg kcal/kg” 

Oxygen —218.8 14 3.3 —183 210 51 
NÑitrogen —210.0 26 6.1 —195.8 200 48 
Ethyl alcohol —114 104 25 78 850 204 
Ammonia =/1.ð 33 8.0 —33.4 137 33 
'Water 0 332 79.7 100 2260 5339 
Lead 327 25 3:0 1750 870 208 
Silver 961 88 21 2193 2300 358 
lron 1538 289 69.1 3023 6340 1520 
Tungsten 3410 184 44 5900 4800 1150 


TNumerical values in kcal/kg are the same in cal/g. 
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First determine (or 
estimate) the final state 


Heat 


The heats of vapor1zation and fusion also refer to the amount of heat released 
by a substance when 1t changes from a gas to a liquid, or from a liquid to a solid. 
Thus, steam releases 2260 k]/kg when ït changes to water, and water releases 
333 kJ/kg when it becomes ice. [In these cases of heat release, @ < 0 when using 
the >Ợ = 0 approach, Eq. 14-3.] 

The heat Involved In a change of phase depends not only on the latent heat 
but also on the total mass of the substance. That 1s, 


Q = mL, (14-4) 


where ⁄ 1s the latent heat of the particular process and substance, z 1s the mass 
of the substance, and Ở 1s the heat added or released during the phase change. 
For example, when 5.00 kg of water freezes at 0°C, (5.00 kg)(3.33 x 10°J/kg) = 
1.67 x 10°J of energy is released. 


EXERCISE B A pot of water ¡is boiline on a gas stove, and then you turn up the heat. 
What happens? (z) The temperature of the water starts increasing. (5) There ¡s a tiny 
decrease in the rate of water loss by evaporation. (c) The rate of water loss by evaporation 
Iincreases. (2) There is an appreciable increase in both the rate of boiling and the temper- 
ature of the water. (e) None of these. 


Calorimetry sometimes Involves a change of state, as the following Examples 
show. Indeed, latent heats are often measured using calorimetry. 


EXAMPLE 14-6 | Making ice. How much energy does a freezer have to 
remove from 1.5 kg of water at 20°C to make Ice at —12°C? 


APPROACH We necd to calculate the total energy removed by adding the heat 
oufflow (1) to reduce the water temperature from 20°C to 0°C, (2) to change 
the liquid water to solid ice at 0°C, and (3) to lower the Ice temperature from 
0°C to —12°C. 
SOLUTION The heat Ó that needs to be removed from the 1.5 kg Of water 1s 
Q = mc„(20°C — 0°C) + mLp + me¿¿[0° — (—12°C)| 
= (1.5 kg)(4186 J/kg-C°)(20C°) + (1.5kg)(3.33 x 10°J/kg) 
+ (1.5 kg)(21001/kg-C°)(12 C°) 
= 6.6 X 10] = 660k]. 


| EXERCISE€  Which process in Example 14—6 required the greatest heat loss? 


EXAMPLE 14-7 | ESTIMATE | WIilI all the ice melt? Ata reception, a 0.50-kg 
chunk of ice at — 10C is placed in 3.0 kg of “iced” tea at 20°C. At what temper- 


ature and in what phase will the ñnal mixture be? The tea can be considered as 
water. Ipgnore any heat flow to the surroundinøs, Including the container. 


APPROACH Before we can write down an equation applying conservation of 
energy, we must first check to see 1 the final state will be all ice, a mixture OŸ 1ce 
and water at 0°C, or all water. To bring the 3.0 kg of water at 20°C down to 0°C 
would requTre an energy release of 
mwy€c„(20°C — 0°C) =_ (3.0kg)(4186 J/kg:C°)(20 C°) = 250,000 J. 
On the other hand, to raise the 1Ice from — 10°C to 0°C would require 
mịe cce|[0°C — (—10°C)] = (0.50 kg)(21001/kg-C°)(10 C°) 
= 10,5001, 
and to change the Ice to water at 0°C would require 
mị¿Ùp = (0.50 kg)(333kJ/kg) = 167,0001. 


The sum of the last two quantifles 1s 10.5 kJ + 167 kJ = 177k]. This 1s not 
enough energy to bring the 3.0 kg of water at 20°C down to 0°C, so we see that 
the mixture must end up all water, somewhere between 0°C and 20°C. 


SOLUTION To determine the final temperature 7, we apply conservation of # PROBLEM SOLVING 


energy. We present both of the techniques discussed in Section 14-4. Then determine the 
Method 1: “SQ = 0° gives Jinal temperature 
heat to raise heat to change heat to raise heat lost by 
0.50 kg oŸ1ce bn 0.50 kg _ 0.50 kg of water + 3.0 kg of =0 
from —10°C Of lce from 0°C water cooling 
to 0”C to Water to7 from 20°C to 7 


Using some of the results from the “Approach” above, we obtain 
10,500 J + 167,000 J + (0.50 kg)(4186 J/kg-C°)(7 — 0°C) 

+ (3.0 kg)(4186 J/kg-C°)(7 - 20°C) = 0. 
Solving for 7' we obtain 


T = 50C. 
Method 2: “heat gained = heat lost” produces a word equation like the one above 
(the last plus sign becomes an equals sign and we lose the “ = 0”). That 1s, 


10,500 J + 167,000 J + (0.50 kg)(4186 J/kg-C°)(7 — 0°C) 
=_ (3.0 kg)(4186 J/kg:C°)(20°C — 7). 
The term on the right 1s heat lost by 3.0 kg of water cooling from 20°C to 7; here 


AT = Tị— Trị = 20°C — T for this approach. Algebraically, this equation 1s 
identical to the one above in the first method. 


EXERCISED_ How much more Ice at —10°C would be needed in Example 14—7 to bring 
the tea down to 0°C, while Just melting all the Ice? 


eoLVIMC 


m. Calorimetry 4. Lí phase changes do or might Occur, there may be 
£a terms 1n the energy conservation equation of the form 


1. Be sure you have sufficient information to apply energy 
o conservaftion. Ask yourself: is fhe sysfem isolated (or 

kề nearly so, enouph to get a good estimate)? Do we know 
or can we calculate all significanf sources OŸ energy 


O = mL, where L 1s the latent heat. But before 
applying energy conservation, determine (or estimafe) 
in which phase the final state wIll be, as we did in 
Example 14-7 by calculating the different contrib- 


transfer? ' : : ufng values for heat Ó. 
2. Apply conservation of energy. Either write 5. Note that when the system reaches thermal equilibrium, 
heat gained = heat lost, the final temperature of each substance will have the 
KẾ, ào SO=0 sme value. There 1s only one ?7¿. 


. 6. Solvye your energy equation for the unknown. 
3. lf no phase changes occur, each term In the energy 


conservation equafion wIll have the form 
Q = mcAT. 


Evaporation 


The latent heat to change a liquid to a gas 1s needed not only at the boiling point. 
Water can change from the liquid to the gas phase even at room temperature. 
This process is called evaporafion (see previous Chapter, Section 13—12). The value of 
the heat of vaporization of water Increases sliphtly with a decrease 1n temperaturc: 
at 20°C, for example, it ¡s 2450 kJ/kg (585 kcal/kg) compared to 2260 kJ/kg 
(= 539 kcal/kg) at 100°C. When water evaporates, the remaining liquid cools, 
because the energy required (the latent heat of vaporization) comes from the 
water i{self; so i†s internal energy, and therefore its temperature, must drop." 

TFor any algebraic equation 4 = ZÖ, if you subtract 8 from both sides you get A — 8Ð = B—B=0,or 
A~B= 0. Thus, you move a term from one side of an equals sign to the other, the sign (+ or —) changes. 


ŸAlso from the point of view of kinetic theory, evaporation is a cooling process because it is the fastest- 
moving molecules that escape from the surface (Section 13-12). Hence the average speed of the 
remaining molecules is less, so by Eq. 13—8 the temperature 1s less. 


SECTION 14-5 LatentHeat 399 


@ÒpHvysics APPLIED 
Body temperature 


Hotter Cooler 


-ĐSSNNER 


FIGURE 14-6 Heat conduction 
between regions at temperatures 71 
and 72. If7) 1s greater than 72, the 
heat flows to the ripht; the rate 1s 
gIven by Eq. 14-5. 
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Evaporation of water from skIn 1s one of the most important ways the body 
uses fo confrol 1s temperature. When the temperature of the blood rises slightly 
above normal, the hypothalamus region of the brain detects this temperafure Increase 
and sends a signal to the sweat glands to Increase their production. The enerøy (latent 
heat) needed to vapor1ze this water comes from the body, so the body cools. 


Kinetic Theory of Latent Heats 


We can make use of kinetic theory to see why energy 1s needed to melt or vapOT1ze 
a substance. At the melting pomt, the latent heat of fusion does not act to Increase 
the averaøe kinetic energy (and the temperature) of the molecules in the solid, but 
1nstead 1s used to overcome the potential energy associated with the forces between 
the molecules. That 1s, work must be done against these aftractive forces to break 
the molecules loose from therr relatively fixed posifions 1n the solid so they can 
freely roll over one another mm the liquid phase. Similarly, energy 1s required for 
molecules held close together In the liquid phase to escape 1nto the øaseous phase 
where they are far apart. This process 1s a more energetic reorgan1zation of the 
molecules than is melting (the average distance between the molecules 1s preatly 
increased), and hence the heat of vaporization Is generally much øgreater than the 
heat of fusion for a g1ven substance. 


14-6 Heat Transfer: Conduction 


Heat 1s transferred from one place or obJect to another 1n three different ways: 
by conduction, by conuection, and by radiation. We now discuss each of these 1n 
turn; butn practical situations, any two or all three may be operating at the same 
time. This Section deals with conducfion. 

'When a metal poker 1s put in a hot fire, or a silver spoon 1s placed In a hot 
bowl of soup, the exposed end of the poker or spoon soon becomes hot as well, 
even thouph 1t 1s not directly 1n contact with the source of heat. We say that heat 
has been corducfed from the hot end to the cold end. 

Heat conducfion in many materials can be visualized as being carried out via 
molecular collisions. As one end of an obJect 1s heated, the molecules there move 
faster and faster (= hipher temperature). As these faster molecules collide with 
slower-moving neighbors, they transfer some of their kmetic energy to them, 
which In turn transfer some energy by collision with molecules still farther along 
the object. Thus the kinetic energy of thermal motion 1s transferred by molecular 
collision along the object. In metals, collisions of free electrons are mainly respOnsiI- 
ble for conduction. Conduction between obJects in physical contact occurs similarly. 

Heat conduction from one poïnt to another takes place only 1ƒ there 1s a dIf- 
ference In temperature between the two pornfs. Indeed, 1t 1s found experimentally 
that the rate of heat flow through a substance 1s proportional to the difference in 
temperature between 1ts ends. The rate of heat flow also depends on the size and 
shape of the obJect. To 1nvestigate this quantitatively, let us consider the heat flow 
through a uniform cylinder, as 1llustrated in Fig. 14—6. It 1s found experimentally 
that the heat flow @ over a time Interval 1s given by the relation 

ÁP (14-5) 
í £ 
where A ¡is the cross-sectional area of the object, is the distance between the two 
ends, which are at temperatures 7¡ and 7;, and k 1s a proportionality constant 
called the thermal conducfivity which 1s characteristic of the material. From 
Eq. 14-5, we see that the rate of heat flow (units of J/s) 1s directly proportional 
to the cross-sectional area and to the temperature gradientÏ (Tñ¡ — T/ £. 


ÏEquation 14-5 is quite similar to the relations describing diffusion (Section 13—13) and the flow of 
fluids throueh a pipe (Section 10—12). In those cases, the flow of matter was found to be proportional 
to the concentration gradient (C = Œ)/ f, or to the pressure gradient (P, — B)/ £. This close simi- 
larify Is one reason we speak of the “flow” of heat. Yet we must keep In mind that no substance 1s 
flowing in the case of heat—It is energy that is being transferred. 


The thermal conductivities, &, for a varlety of substances are ø1ven in Table 14-4. 
Substances for which & 1s large conduct heat rapidly and are said to be good thermal 
conductors. Most metals fall in this category, although there 1s a wide range even 
among them, as you may observe by holding the ends of a silver spoon and a 
stainless-steel spoon Immersed in the same hot cup of soup. Substances for which 
k 1s small, such as wool, fiberglass, polyurethane, and goose down, are pOOT 
conductors of heat and are therefore good thermal insulators. The relative magni- 
tudes of & can explain simple phenomena such as why a tile floor 1s much colder 
on the feet than a rug-covered floor at the same temperature. Tile 1s a better 
conductor of heat than the rug. Heat that flows from your foot to the rug 1s not 
conducted away rapidly, so the rug”s surface quickly warms up to the temperature 
Of your foot and feels good. But the tile conducts the heat away rapidly and thus 
can take more heat from your foot quickly, so your foot”s surface temperafure drops. 


Heat loss through windows. A major source of heat loss 
from a house in cold weather 1s through the windows. Calculate the rate of heat flow 
throuph a glass wndow 2.0m % 1.5 mm area and 3.2 mm thick, 1f the temperatures 
at the Inner and outer surfaces are 15.0°C and 14.0°C, respectively (Eig. 14-7). 
APPROACH Heat flows by conduction throuph the 3.2-mm thickness of gÌass 
from the higher Iinside temperature to the lower outside temperature. We use 
the heat conduction equation, Eq. 14-5. 


SOLUTION Here 4 = (2.0m)(1.5m) = 3.0m” and # = 3.2 x 103m. Using 
Table 14—4 to get k, we have 


K „uc Tế 
f { 
(0.84 J/s-m-C°)(3.0 m?)(15.0°C — 14.0°C) 
s (3.2 x 103m) 
= 7901]/s. 


NOTE This rate of heat flow is equivalent to (790 J/s)/(4.19 x 10J/kcal) = 
0.19 kcal/s, or (0.19 kcal/s) < (3600 s/h) = 680 kcal/h. 


You mipht notice in Example 14-8 that 15°C 1s not very warm for the living 
room of a house. The room 1tself may indeed be much warmer, and the outside 
might be colder than 14°C. But the temperatures of 15°C and 14°C were spec- 
1fied as those at the window surfaces, and there 1s usually a considerable drop 
1n tfemperature of the alr n the vicimty of the window both on the 1nside and the 
outfside. That 1s, the layer oÝ a1r on either side of the wIndow acts as an Insulator, and 
normally the maJor part of the temperature drop between the inside and outside of 
the house takes place across the air layer. If there 1s a heavy wind, the air outside 
a wmdow wIill constantly be replaced with cold air; the temperature gradient 
across the ølass wIll be greater and there will be a much greater rate of heat loss. 
Increasing the width of the air layer, such as using two panes of ølass separated 
by an ar gap, wIll reduce the heat loss more than simply imncreasing the glass 
thickness, since the thermal conductivity of air 1s much less than that for glass. 
Such “double-pane windows” are often called hermal +0indo40s. 

The insulating properties of clothing come from the Insulating propertles Of 
aIr. Without clothes, our bodIies in still air would heat the air In contact with the 
skin and would soon become reasonably comfortable because aïr Is a very good 
1nsulator. But since alr moves—there are breezes and drafts, and people move 
about—the warm air would be replaced by cold air, thus Increasing the tempera- 
ture difference and the heat loss from the body. Clothes keep us warm by trapping 
a1r SO 1t cannot move readHly. It 1s not the cloth that insulates us, but the air that the 
cloth traps. Goose down 1s a very good Insulator because even a small amount of 
1t fluffs up and traps a great amount 0Ý aIr. 


| EXERCISE E Explain why drapes in front of a window reduce heat loss from a house. 


SECTION 14-6 Heat Transfer: Conduction 


TABLE 14-4 


Thermail Conductivities 


Thermal Conductivity, k 


Substance 3} kei 
(s:m:C°) (s-m-:€C°) 
Silver 420 10 < 1077 
Copper 380 92 x 107 
Aluminum 200 5.0 x 107 
Steel 40 1.1 x 1077 
lce MÀ 5x 10 
Gilass 0.84 2.0 x 10 
Brick 0.84 2.0 x 10! 
Concrete 0.84 2.0 x 10 
Water 0.56 1.4 x 10”! 
Human tissue 0.2 0.5 x 10 
Wood 0.1 0.3 x 10 
Fiberglass 0.048 0.12 x 10 
Cork 0042 0.10 x 10' 
Wool 0040 0.10 x 10' 
Goosedown 0.025 0.060 x 10”! 
Polyurethane 0.024 0.057 x 10 
Air 0023 0.055 x 10 
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| —- =3.2 x 103m 


FIGURE 14-7 Example 14-8. 


Thermal tuindo%0s 
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Clothes insulate by trapping 


an qỉr layer 


401 


@ÒPHvsics APPLIED 
R-ualues oƒ thermal insulation 


TABLE 14-5 R-values 


T-value 
Material Thickness (fŒ-h-E7⁄Btu) 
Glass sinch 1 
Brick 33 inches 0.6—1 
Plywood inch 0.6 
Fiberglass 
insulaton 4inches 12 


Cooler water 


FIGURE 14-8 Convection currents in 
a pot of water being heated on a stove. 
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FIGURE 14-9 Convection plays a 
role in heating a house. The circular 
arrows show convecfIiVe aIr currenfs in 
the rooms. 
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* R-values for Building Materials 


The mnsulating propertles of building materials are often specified by R-values 
(or “thermal resistance”), defined for a given thickness £ of material as: 


Ụ 


k 
The -value of a given piece of material combines the thickness f and the thermal 
conductivity kin one number. Larger  means better insulation from heat or cold. 
In the United States, Ñ-values are given in British units as f-h-E?/Btu (for 
example, R-19 means ® = 19 ff-h-E?%/Btu). Table 14-5 gives Ñ-values for some 
common building materials. Ñ-values increase directly with material thickness: 
for example, 2 inches of fiberglass 1s §-6, whereas 4inches 1s R-12. 


14—Z7 Heat Transfer: Convection 


Althouseh liquids and gases are generally not very øood conductors of heat, they can 
transfer heat rapidly by convection. Conyecfion 1s the process whereby heat flows 
by the bulk movement of molecules from one place to another. Whereas conduction 
Involves molecules (and/or electrons) moving only over small distances and colliding, 
convecfion 1nvolves the movement of largee numbers of molecules over large distances. 

A forced-air furnace, in which air 1s heated and then blown by a fan into a 
Toom, 1s an example oŸ ƒorced conuecHon. Nafural conuecfion occurs as well, and 
one familiar example 1s that hot air rises. For Instance, the air above a radiator 
(or other type of heater) expands as It is heated (Chapter 13), and hence i(s density 
decreases. Because 1ts density 1s less than that of the surrounding cooler aIr, 1† fISes 
via buoyancy, just as a log submerged in water floafs upward because 1ts density 
1s less than that of water. Warm or cold ocean currents, such as the balmy Gulf 
Stream, represent natural convection on a global scale. Wind 1s another example of 
convecfion, and weather 1n general is stronply inffuenced by convecfive aIr currenfs. 

When a pot of water is heated (Fig. 14-8), convection currenfs are set up as 
the heated water at the bottom of the pot rises because of its reduced density. 
That heated water 1s replaced by cooler water from above. This principle 1s used 
1n many heating systems, such as the hot-water radiator system shown in Hg. 14-9. 
'Water 1s heated in the furnace, and as 1ts temperature Increases, 1t expands and 
rises as shown. This causes the water to circulate in the heating system. Hot 
water then enters the radiators, heat 1s transferred by conduction to the arr, and 
the cooled water returns to the furnace. Thus, the water circulates because of 
convecfion; pumps are sometimes used to Iimprove circulation. The air throughout 
the room also becomes heated as a result of convection. The air heated by the 
radiators rises and is replaced by cooler a1r, resulting 1n convecftive a1r currents, 
as shown by the øgreen arrows In Fig. 14-9. 

Other types of furnaces also depend on convection. Hot-air furnaces with 
registers (openings) near the floor often do not have fans but depend on natural 
convection, which can be appreciable. In other systems, a fan is used. In either 
case, 1† 1s Important that cold air can return to the furnace so that convecfiVve cur- 
renfs circulate throughout the room 1 the room 1s to be uniformly heated. 

The human body produces a great deal of thermal energy. Of the food energy 
transformed within the body, at best 20% 1s used to do work, so over 80% appears 
as thermal energy. During light activity, for example, 1f this thermal energy were not 
dissipated, the body temperature would rise about 3 C° per hour. Clearly, the heat 
generated by the body must be transferred to the outside. Is the heat transferred 
by conduction? The temperature of the skin in a comfortable environment 1s 
33 to 35°C, whereas the mterlor of the body 1s at 37C. Calculaton shows 
(Problem 52) that, because of this small temperature difference, plus the low thermal 
conductivity of fissue, direct conduction 1s responsible for very little of the heat 
that must leave the body. Instead, the heat 1s carried to the skin by the blood. 
In addition to all its other important responsibilities, blood acfs as a convective 
fluid to transfer heat to Just beneath the surface of the skin. It is then conducted 
(over a very short distance) to the surface. Once at the surface, the heat is trans- 
ferred to the environment by convection, evaporation, and radiation (Section 14-8). 


14-8 Heat Transfer: Radiation 


Convection and conduction require the presence of matter as a medium fo carry 
the heat from the hotter to the colder region. But a third type of heat transfer 
Occurs without any medium at all. AlI life on Earth depends on the transfer of 
energy from the Sun, and this energy 1s transferred to the Earth over empty (or 
nearly empty) space. This form of energy transfer 1s heat—since the Sun”s surface 
temperature (6000 K) is much higher than Earth”s (~ 300 K)-—and 1s referred to 
as radiation (Fig. 14-10). The warmth we receive from a fire 1s mainly radiant 
©nergy. 

As we shall see in later Chapters, radiation consists essentially of electromag- 
netic waves. Suffce 1t to say for now that radiation from the Sun consists of visible 
light plus many other wavelengths that the eye 1s not sensitive to, including 
Iinfrared (IR) radiation, which is mainly responsible for heating the Earth. 

The rate at which an obJect radiates energy has been found to be proportional 
to the fourth power of the Kelvin temperature, 7. That is, an object at 2000 K, 
as compared to one at 1000 K, radiates energy at a rate 2 = 16 times as much. 
The rate of radiation 1s also proportional to the area 4 of the emitting obJect, 
so the rate at which energy leaves the object, Ó/í, is 


« = cơAT*, (14-6) 


Thịs 1s called the Stefan-Boltzmamn equafion, and ơ 1s a universal constant called 
the Stefan-Boltzmamn constant which has the value 


ơ = 5.67 x 108W/m2-K*, 


The factor e, called the emissivity, is a numberÏ between 0 and 1 that is character- 
1sfIc Of the surface of the radiating material. Very black surfaces, such as charcoal, 
have emissivity close to 1, whereas shiny metal surfaces have e close to zero and 
thus emit correspondingly less radiation. The value of e depends somewhat on 
the temperature of the material. 

Not only do shiny surfaces emit less radiation, but they absorb little of the 
radiation that falls upon them (most is reflected). Black and very dark objects 
are good emitters (e “+ 1); they also absorb nearly all the radiation that falls on 
them——which 1s why light-colored clothing 1s usually preferable to dark clothing 
on a hot day. Thus, a good absorber is also a good emitter. 

Any obJect not only emifs energy by radiation but also absorbs energy radiated 
by other obJects. [fan obJect oŸ emissivity e and area 4 1s at a temperature 71, If 
radiates energy at a rate eơ AT†. If the object is surrounded by an environment 
at temperature 7;, the rate at which the surroundings radiate ener8y 1S DrOpOT- 
tional to 72; then the rate that energy is øbsorbed by the object is proportional 
to 72. The ní rate of radiant heat flow from the object is given by the equation 


: = cơA(T} - Tj), (14-7) 


where 4A 1s the surface area of the obJect, 7¡ 1ts tfemperature and e 1fS em1IsSIVIfy 
(at temperature 7¡), and 7; 1s the temperature of the surroundinzs. This equation 
1S COnsistent with the experimenrtal fact that equilibrium between the obJect and 
1{s Surroundinøs 1s reached when they come to the same temperature. That 1s, 
Ø/¡ must equal zero when 7¡ = 7;, so e must be the same for emission and 
absorption. Thịis confirms the idea that a good emitter 1s a good absorber. Because 
both the obJect and ifs surroundings radiate enersy, there 1s a net transfer of energy 
from one to the other unless everything 1s at the same temperature. From Eq. 14—7 
1t 1s clear that IÍ7¡ > 7¿, the net flow of heat 1s from the obJect to the surroundings, 
so the object cools. But 17} < 7;, the net heat flow 1s from the surroundings into 
the obJect, and the obJecf's temperature rises. If different parfs of the surroundings 
are at different temperatures, Eq. 14-7 becomes more complicated. 


Ïe is the Greek letter epsilon. 


FIGURE 14-10 The Sun”s surface 
radiates at 6000 K——much higher 
than the Earth”s surface. 
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Dark 0s. light clothing 
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Cooling by radiation. An athlete 1s sitting 
unclothed m a locker room whose dark walls are at a temperature of 15°C. Estimate 
the body? rate of heat loss by radiation, assuming a skin temperature of 34°C and 
e = 0.70. Take the surface area of the body not in contact with the chaïr to be 1.5 mổ. 


APPROACH We use Eq. 14—7, which requires Kelvin temperatures. 
SOLUTION We have 
« = cơA(T† — Tì) 

= (0.70)(5.67 x 10'8W/m?-K*®\(1.5 m?)|(307K)* - (288K)!| = 120W. 
NOTE This person”s “outpuf” 1s a bit more than what a 100-W bulb uses. 
NOTE Avoid a common error: (7† — T?) # (T¡ — 7). 


A resting person naturally produces heat Internally at a rate of about 100W, as 
we WIll see in Section 15-—3, less than the heat loss by radiation as calculated in 
Example 14-9. Hence, our person”s temperature would drop, causing considerable 
discomfort. The body responds to excessive heat loss by Increasing 1(s metabolic rate, 
and shivering 1s one method by which the body increases Its metabolism. Naturally, 
clothes help a lot. Example 14-9 1llustrates that a person may be uncomfortable 
even If the temperature of the air 1s, say, 25°C, which is quite a warm room. lỶ 
the walls or floor are cold, radiation to them occurs no matter how warm the alr 
1s. Indeed, it is estimated that radiation accounts for about 50% of the heat loss 
from a sedentary person 1n a normal room. Rooms are most comfortable when the 
walls and floor are warm and the arr is not so warm. Floors and walls can be heated 
by means of hot-water conduits or electric heating elements. Such first-rate heat- 
Ing systems are becoming more common today, and 1t 1s Interesting to note that 
2000 years ago the Romans, even In houses In the remote province of Great Britain, 
made use of hot-water and steam conduiífs In the floor to heat their houses. 


Two teapots. A ceramic teapot (e = 0.70) 
and a shiny one (e = 0.10) each hold 0.75 L of tea at 95°C. (z) Estimate the rate 
of heat loss from each, and (b) estimate the temperature drop after 30 min for 
cach. Consider only radiation, and assume the surroundinss are at 20°C. 


APPROACH We are given all the Information necessary to calculate the heat 
loss due to radiation, except for the area. The teapot holds 0.75 L, and we can 
approximate it as a cube 10cm on a side (volume = 1.0L), with five sides 
exposed. To estimate the temperature drop in (b), we use the concept oŸ spe- 
cific heat and 1gnore the contribution of the pofs compared to that of the water. 


SOLUTION (z2) The teapot, approximated by a cube 10 cm on a side with five 
sides exposed, has a surface area of about 5 x (0.1m)ˆ = 5 x 10 ?mZ. The 
rate of heat loss would be about 


" = eơA(T† - Tì) 
= (5.67 x 10W/m?-K(5 x 10?m”)[(368 K)* - (293K) ~ e(30) W, 
or about 20 W for the ceramic pot (e = 0.70) and 3 W for the shiny one (e = 0.10). 


(b) To estimate the temperature drop, we use the specific heat oŸ water and 
1gnore the contribution of the pots. The mass of 0.75 L of water is 0.75 kg. (Recall 
that 1.0L = 1000cm = 1 x 103m and p = 1000 kg/mỶ.) Using Edq. 14-2 
and Table 14—1, we get 


lổ) ẤT 
mm... ưng, 
f f 
Then (30) 1/ 
f € S 
Ti G  c(0.01) C°/s. 
í me (0.75 kg)(4186 J/kg -C°) 


After 30 min (1800s), A7' = (0.01 C°/s)/ = e(0.01 C°/s)(1800 s) ~ 18e C?, 
or about 12 C° for the ceramic pot (e = 0.70) and about 2 C° for the shiny one 
(e = 0.10). The shiny one clearly has an advantage, at least in terms of radiation. 


NOTE Convection and conduction could play a greater role than radiation. 


Heating of an obJect by radiation from the Sun cannot be calculated using 
Edq. 14-7 since this equation assumes a uniform temperature, 7;, of the environ- 
ment surrounding the obJect, whereas the Sun 1s essenfially a point source. Hence 
the Sun must be treated as a separafe source of energy. About 1350 J of energy 
from the Sun strikes Earth”s atmosphere per second per square meter oŸ area at 
ripht angles to the Sun”s rays. This number, 1350 W/mý, is called the solar constant. 
The atmosphere may absorb as much as 70% of this energy before it reaches the 
ground, depending on the cloud cover. On a clear day, about 1000 W/mZ reaches 
the Earth”s surface. An obJect of emissivity e with area 4 facing the Sun absorbs 
enersy from the Sun at a rafe, in wafts, of about 


« = (1000 W/m?)e A cos 0, 


(14-8) 
where 6 1s the angle between the Sun”s rays and a line perpendicular to the area 4 
(Fig. 14-11). That 1s, ⁄A cos Ø is the “effective” area, at ripht angles to the Sun”s 
TAyS. 

The explanation for the seasons and the polar Ice caps (see Fig. 14-12) 
depends on this cos Ø factor in Eq. 14-8. The seasons are of a result of how close 
the Earth 1s to the Sun——m fact, in the Northern Hemisphere, summer OcCurs 
when the Earth is farthest from the Sun. It is the angle (1.e., cos Ø) that really mat- 
ters. Furthermore, the reason the Sun heats the Earth more at midday than at 
sunrIse or sunset 1s also related to this cos Ø factOr. 


EXAMPLE 14-11 | ESTIMATE | Getting a tan—energy absorption. What is 


the rate of energy absorption from the Sun by a person lying flat on the beach 
on a clear day 1f the Sun makes a 30” angle with the vertical? Assume that 
e = 0.70 and that 1000 W/mể reaches the Earth”s surface. 


APPROACH We use Edq. 14—8 and estimate a typical human to be roughly 2m 
tall by 0.4m wide, so 4 + (2m)(0.4m) = 0.8 m. See Eig. 14-11. 


SOLUTION Since cos 30° = 0.866, we have 
Q 


f 


(1000 W/m?)e A cos Ø 
(1000 W/m?)(0.70)(0.8 m?)(0.866) = 500 W. 


NOTE If a person wears light-colored clothing, e is much smaller, so the energy 
absorbed 1s less. 


An Innteresting applicatlon of thermal radiation to diagnostic medicine 1s 
thermography. A special instrument, the thermograph, scans the body, measuring 
the intensity of infraredÏ radiation from many points and forming a picture that 
resembles an X-ray (Fig. 14-13). Areas where metabolic activity 1s high, such as 
1n tumors, can often be detected on a thermogram as a result of their higher tem- 
perature and consequent 1ncreased radiation. 


TInfrared radiation ¡s light whose wavelengths are longer than visible light (see Eig. 22-8). 


Thermography 
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Radiation from the Sun 


FIGURE 14-11 Radiant enersy 
striking a body at an angle 0. 


FIGURE 14-12 (a) Earth”s seasons 
arise from the tilt of Earth”s axis 
relative to 1ts orbit around the Sun. 
(b) June sunlight makes an angle of 
about 23 3° with the equator. Thus Ø in 
the southern U.S. (Iabel A) is near 0° 
(direct summer sunlight), but in the 


Southern Hemisphere (B), Ø ¡s 50° or 60, 
and less heat can be absorbed——henece 1t 


1s winter. Near the poles (C), there 1s 
never sírong direct sunliphft: cos Ø varles 
from about ‡ in summer to 0ïn winter; 
so with little heating, Ice can form. 


AXIS 


Equator 
Earth NHM Earth 
(June) (December) 
(a) 
: (A)0=~0° 
June Axis (Summer) 


\ Suns : 
=——- J18YS 2 


_ ———-(June): 


(C) Ø ~90° 


(B)60~50° +34! 
(Cold) 


(Winter) ` 
(b) 
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FIGURE 14-13 Thermograms of a healthy person's 
arms and hands (a) before and (b) after smoking a 
ciparette, showing a temperature decrease due to 
1mparred blood circulation associated with smoking. 
The thermograms have been color-coded according to 
temperature; the scale on the right goes from blue 
(cold) to white (hot). 
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Asftronomy—size 
oƒa star 


EXAMPLE 14-12 | ESTIMATE 


radiant energy at a rate 10 times greater than our Sun, whereas its surface temper- 
ature 1s only half (2900 K) that of our Sun. Estimate the radius of Betelgeuse, 
assuming e = 1. The Sun's radius is rs = 7 x 10Ÿm. 


Star radius. The giant star Betelgeuse emifs 


APPROACH We assume both stars are spherical, with surface area 4zrr. 
SOLUTION We solve Eq. 14-6 for A: 


Then 
rệ _ (0/0; Tì 
r§ÿ — (Q/1)s Tả 
Hence r„ = 4⁄16 x 10!rs = (400)(7 x 10Ẻm) + 3 x 10m. If Betelgeuse 
were our Sun, ¡it would envelop us (Earth is 1.5 < 10!!m from the Sun). 


= (10)(2 = 16 x 10. 


EXERCISE F Fanning yourself on a hot day cools you by (2) increasing the radiation 
rate of the skin; (b) Increasing conductivity; (c) decreasing the mean free path of a1r; 
(đ) increasing the evaporation of perspiration; (e) none of these. 


 Summary 


Internal energy, Ũ, refers to the total energy of all the molecules 
1n an object. For an Ideal monatomIc øas, 


U = ÿNkT = $nRT (14-1) 


where 1s the number of molecules or ø 1s the number of moles. 
Heat refers to the transfer of energy from one object to 
another because of a difference of temperature. Heat is thus 
measured in energy units, such as Joules. 
Heat and Internal energy are also sometimes specified in 
calories or kilocalories (kcal), where 


1kcal = 4.186 k] 


1s the amount of heat needed to raise the temperature of 1 kg 
of water by 1 C°. 

The specific heat, c, of a substance 1s defined as the energy 
(or heat) required to change the temperature of unit mass of 
the substance by 1 degree; as an equafion, 


Q = mcAT, (14-2) 


where Ó 1s the heat absorbed or given off, A7 is the temperature 
Increase or decrease, and 7# 1s the mass of the substance. 

'When heat flows between parts of an Iisolated system, con- 
servation of energy tells us that the heat gained by one part of 
the system 1s equal to the heat lost by the other part of the 
system. This 1s the basis of calorimetry, which 1s the quantitative 
measurement of heat exchange. 


Exchange of energy occurs, without a change In temperature, 
whenever a substance changes phase. The heat of fusion is the 
heat required to melt 1 kg of a solid into the liquid phase; 1t 1s 
also equal to the heat g1ven off when the substance changes from 
liquid to solid. The heat of yaporization is the energy required 
to change 1 kg ofa substance from the liquid to the vapor phase; 
1t 1s also the energy ø1ven off when the substance changes from 
vapor to liquid. 

Heat is transferred from one place (or object) to another 
1n three different ways: conduction, convection, and radiation. 

In conduction, enersy 1s transferred through a substance by 
means of collisions between hotter (faster) molecules or electrons 
with theïr slower moving neighbors. 

Convecfion is the transfer of energy by the mass movement 
of molecules even over considerable distances. 

Radiation, which does not require the presence of matter, 
1s energy transfer by electromagnetic waves, such as from the 
Sun. All objects radiate energy In an amount that 1s prOpOT- 
tional to the fourth power of their Kelvin temperature (7!) and 
to their surface area. The energy radiated (or absorbed) also 
depends on the nature of the surface (dark surfaces absorb and 
radiate more than do bright shiny ones), which 1s characterized 
by the emIssIvIty, e. 

Radiation from the Sun arrives at the surface of the Earth 
on a clear day at a rate of about 1000 W/m”. 


 Questions 


1. What happens to the work done on a Jar oŸ orange JuIce 
when If Is vigorously shaken? 


2. When a hot obJect warms a cooler object, does tempera- 
ture flow between them? Are the temperature changes of 
the two objects equal? Explain. 


3. (2) If two obJects of different temperatures are placed in 
contact, wIll heat naturally flow from the obJect with higher 
1nternal energy to the obJect with lower internal energy? 
(P) Is 1t possible for heat to flow even 1Ÿ the internal energies 
of the two objecfs are the same? Explain. 
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4. In warm regions where fropical plants grow but the tem- 
perature may drop below freezing a fÍew times In the 
winter, the destruction of sensifive plants due to freezIing 
can be reduced by watering them In the evening. Explain. 

5. The specific heat of water 1s quite large. Explain why this 
fact makes water particularly good for heating systems 
(that is, hot-water radiator$). 

6. Why does water in a mefal canteen stay cooler 1ƒ the cloth 
Jacket surrounding the canteen 1s kept moist? 

7. Explain why burns caused by steam at 100°C on the skin 
are often more severe than burns caused by water at 100°C. 


10. 


11. 


12. 
13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


. Explain why water cools (is temperature drops) when 1t 


evaporates, using the concepts of latent heat and Internal 
©nergy. 


, WIHI pasta cook faster 1ƒ the water boils more vigorously? 


Explain. 

Very hiph In the Earths atmosphere, the temperature can 
be 700°C. Yet an animal there would freeze to death rather 
than roast. Explain. 

Explorers on failed Arctic expeditions have survived by 
covering themselves with snow. Why would they do that? 
Why 1s wet sand at a beach cooler to walk on than dry sand? 
T you hear that an object has “hiph heat content,” does that 
mean that i(s temperature 1s high? Explain. 

When hot-air furnaces are used to heat a house, why 1s If 
1mportant that there be a vent for air to return to the fur- 
nace? What happens If this vent 1s blocked by a bookcase? 
Ceiling fans are sometimes reversible, so that they drive 
the atr down in one season and pull it up in another season. 
Explain which way you should set the fan (z) for summer, 
(B) for winter. 

Goose down sleeping bags and parkas are often specified as 
so many inches or centimeters of /øƒi, the actual thickness 
of the garment when 1t is fluffed up. Explain. 
Microprocessor chips have a “heat sink” glued on top that 
looks like a series of fins. Why are they shaped like that? 
Sea breezes are often encountered on sunny days at the shore 
of a large body of water. Explain, noting that the temperature 
Of the land rises more rapidly than that of the nearby water. 
The floor of a house on a foundation under which the alr 
can flow 1s often cooler than a floor that rests directly on 
the ground (such as a concrete slab foundation). Explain. 
A 22°C day 1s warm, while a swimming pool at 22°C feels 
cool. Why? 

Explain why air temperature readings are always taken 
with the thermometer In the shade. 

A premature baby In an incubator can be dangerously 
cooled even when the air temperature in the incubator 1s 
warm. Explain. 


MisConceptual Questions 


23 


24 


25 


- Does an ordinary electric fan cool the air? Why or why not? 
TỶ not, why use 1t? 

‹Ổ Heat loss occurs throuph windows by the following pro- 
cesses: (1) through the glass panes; (2) through the frame, 
particularly If it is metal; (3) ventilation around edges; 
and (4) radiation. (2) For the first three, what is (are) 
the mechanism(s): conduction, convection, or radiation? 
(b) Heavy curtains reduce which of these heat losses? 
Explain In detaIl. 

. A plece of wood lying In the Sun absorbs more heat than 
a piece of shiny metal. Yet the metal feels hotter than the 
wood when you pick 1t up. Explain. 


26. The Earth cools off at nght much more quickly when the 


weather 1s clear than when cloudy. Why? 


27. An “emergency blanket” 1s a thin shiny (metal-coated) 


plastic foil. Explain how it can help to keep an immobile 
person warm. 


28. Explain why ci(Ies situated by the ocean tend to have less 


extreme temperatures than inland cities at the same latitude. 


29. A paper cup placed among hot coals will burn If empty 


(note burn spots at top of cup in Eig. 14-14), but won”t burn 
1ƒ filled with water. Explain. Forget the marshmallows. 


FIGURE 14-14 Ouestion 29. 


30. On a cold windy day, a window will feel colder than on an 


equally cold day with no wind. This 1s true even I1 no alr 
leaks in near the window. Why? 


1. When you put an Ice cube 1n a glass of warm tea, which of 


the following happens? 

(z) Cold flows from the ice cube into the tea. 

(b) Cold flows from the ice cube into the tea and heat 
flows from the tea into the Ice cube. 

(c) Heat flows from the tea into the ice cube. 

(đ) Neither heat nor cold flows. Only temperature flows 
between the Ice and the tea. 


- Both beakers A and B im Eig. 14-15 confain a mixture of 


1ce and water at equilibrium. Which beaker Is the coldest, 
or are they equal In temperature? 

(a) Beaker A. 
(b) Beaker B. 
(c) Equal. 


FIGURE 14-15 
MisConceptual 
Ouestion 2. 


3. For objects at thermal equilibrium, which of the following 


4. 


1s true? 

(a) Each is at the same temperature. 

(b) Each has the same Internal energy. 

(c) Each has the same heat. 

(đ) AI of the above. 

(e) None of the above. 

'Which of the following happens when a material undergoes 
a phase change? 

(z) The temperature changes. 

(b) The chemical composition changes. 

(c) Heat flows into or out of the material. 

(đ) The molecules break apart into atoms. 

As heat is added to water, 1s It possible for the temperature 
measured by a thermometer in the wafer to remain constant? 
(2) Yes, the water could be changing phase. 

(b) No, adding heat will always change the temperature. 
(c) Maybe; it depends on the rate at which the heat ¡s added. 
(4) Maybe; it depends on the initial water temperature. 
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MisConceptual Ouestions 


6. A typical thermos bottle has a thin vacuum space between 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


the shiny inner flask (which holds a liquid) and the shiny 
protective outer flask, often stainless steel. The vacuum space 
1s excellent at preventing 

(đ) conduction. 

(B) convection. 

(c) radiation. 

(đ) conduction and convection. 

(e) conduction, convection, and radiation. 


„ HeatIs 


(a) a fluid called caloric. 

(b) a measure of the average kinetic energy of atoms. 

(c) the amount of energy transferred between objects as a 
result of a difference in temperature. 

(đ) an invisible, odorless, weightless substance. 

(z) the total kinetic energy of an ideal gas. 


-Ö Radiation is emitted 


(2) only by glowing objJects such as the Sun. 

(5) only by objects whose temperature 1s preater than the 
temperature of the surroundings. 

(c) only by objects with more caloric than their surroundings. 

(đ) by any object not at 0 K. 

(e) only by objects that have a large specific heat. 


. Tên prams of water is added to ten ørams 0Ÿ Ice in an Insu- 


lated container. WIII all of the Ice melt? 
(a) Yes. (b) No. (c) More information is needed. 


10. 


11. 


12. 


Two objects are made of the same material, but they have 
different masses and temperatures. If the objJecfs are brought 
1nto thermal contact, which one will have the øreater temper- 
ature change? 

(z) The one with the higher initial temperature. 

(b) The one with the lower initial temperature. 

(c) The one with the greater mass. 

(đ) The one with the lesser mass. 

(c) The one with the higher specific heat. 

(7#) Not enough information. 


It has been a hot summer, so when you arrive at a lake, you 

decide to øo for a swim even thouph 1t is niphttime. The water 

1s cold! The next day, you øo swimming again during the 

hottest part of the day, and even thouph the air is warmer the 

water 1s still almost as cold. Why? 

(a) Water is fairly dense compared with many other liquids. 

(b) Water remains ïn a liquid state for a wide range of 
temperafures. 

(c) Water has a high bulk modulus. 

(đ) Water has a high specific heat. 


Two equal-mass liquids, imitially at the same temperature, are 
heated for the same time over the same stove. You measure 
the temperatures and find that one liquid has a hipher tempera- 
ture than the other. Which liquid has the higher specific heat? 
(a) The cooler one. 

(b) The hotter one. 

(c) Both are the same. 


j Problems 


14-1 Heat as Energy Transfer 
1L 


(D To what temperature will 8200 J of heat raise 3.0 kg of 
water that 1s initially at 10.0°C? 


. () How much heat (ín joules) 1s required to raise the 


temperature of 34.0 kg of water from 15°C to 95°C} 


. (HI) When a diver jumps Into the ocean, water leaks Into 


the gap reglon between the diver”s skin and her weftsuIt, 
forming a water layer about 0.5 mm thick. Assuming the 
total surface area of the wetsuit covering the diver 1s about 
1.0 m?, and that ocean water enters the suit at 10°C and is 
warmed by the diver to skin temperature of 35°C, estImate 
how much energy (in units of candy bars = 300 kcal) 1s 
required by this heating process. 


. (H) An average active person consumes about 2500 Cai a 


day. (2) What is thĩs in joules? (b) What ïs thís in kilowaftt- 
hours? (c) If your power company charges about 10 ý per 
kilowatt-hour, how much would your energy cost per day 
1ƒ you bought it from the power company? Could you feed 
yourself on this muụch money per day? 


. DA British thermal unit (Btu) ïs a unit of heat in the 


h 


British system of units. One Btu is delined as the heat 
needed to raise 1 lb of water by 1 E°. Show that 


1Btu = 0.252kcal = 10561. 
(ID How many joules and kilocalories are øenerated when 


the brakes are used to bring a 1300-kg car to rest from a 
speed of 95 km/h? 


. DA water heater can generate 32,000 kJ/h. How much 


water can 1t heat from 12°C to 42”C per hour? 
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(H) A small immersion heater ¡1s rated at 375W. Estimate 
how long it will take to heat a cup of soup (assume this is 
250 mL of water) from 15°C to 75°C. 


14-3 and 14-4 Specific Heat; Calorimetry 


9, 


10. 


11. 


13. 


14. 


15. 


(D An automobile cooling system holds 18 L of water. How 
much heat does 1t absorb 1Ÿ 1s temperature rises from 15°C 
to 95°C? 

(D What is the specific heat of a metal substance 1f 135 kJ] 
of heat is needed to raise 4.1 kg of the metal from 18.0°C to 
3/2? 

(HT) (2z) How much energy ïs required to bring a 1.0-L pot of 
water at 20°C to 100°C? (0) For how long could this amount 
Of energy run a 60-W liphtbulb? 


„ (H) Samples of copper, aluminum, and water experlence the 


same temperature rise when they absorb the same amount of 
heat. What 1s the ratIo of their masses? [m: See Table 14-1.] 
(II) How long does ït take a 750-W coffeepot to bring to a 
boïl 0.75 L of water Initially at 11°C? Assume that the part 
of the pot which 1s heated with the water 1s made of 280 g 
of aluminum, and that no water boils away. 

(I) What wilI be the equilibrium temperature when a 265-g 
block of copper at 245°C 1s placed In a 145-g aluminum 
calorimeter cup confaining 825 ø of water at 12.0°C? 

TI) A 31.5-g glass thermometer reads 23.6°C before It Is 
placed in 135 mL of water. When the water and thermom- 
eter come to equilibrium, the thermometer reads 41.8°C. 
What was the original temperature of the water? Ipgnore 
the mass of fluid inside the gølass thermometer. 


1ó. (II A 0.40-kg iron horseshoe, just forged and very hot 


17 


18 


19 


20 


21. 


22. 


23. 


(Eig. 14-16), is dropped ¡nto 1.25 L of water ¡in a 0.30-kg 
1ron pot Initially at 20.0°C. TỶ the final equilibrium temper- 
ature 1s 25.0°C, estimate the Initial temperature of the hot 
horseshoe. 


FIGURE 14—16 
Problem 1ó. 


(II When a 290-g piece of ron at 180°C ïs placed in a 95-g 
aluminum calorimeter cup containing 250 gø of glycerin at 
10°C, the final temperature 1s observed to be 38°C. Esti- 
mate the specific heat of ølycerin. 
(H) The heaf capacify, C, of an object is defined as the amount 
of heat needed to raise Its temperature by 1C”. Thus, to 
raise the temperature by A7 requires heat Ó given by 

Q = CAI. 
(z) Write the heat capacity C in terms of the specific heat, c, 
of the material. (b) What is the heat capacity of 1.0 kg of 
water? (c) Of 45 kg of water? 
(H) The 1.20-kg head of a hammer has a speed of 7.5 m/s 
just before it strikes a nail (Eig. 14—17) and 1s brought to rest. 
Estimate the temperature rise oŸ a 
14-g iron nail generated by 
eipght such hammer blows 
done in quick succession. 
Assume the nail absorbs 
all the energy. 


FIGURE 14-17 
Problem 109. 


(H) A 215-g sample of a substance s heated to 330°C and then 
plunged Into a 105-g aluminum calorimeter cup confaining 
185g of water and a 17-g glass thermometer at 10.5°C. 
The final temperature 1s 35.0°C. What 1s the specific heat 
of the substance? (Assume no water boils away.) 

(H) A 0.095-kg aluminium sphere 1s dropped from the roof 
of a 55-m-high building. If 65% of the thermal energy pro- 
duced when 1t hits the ground 1s absorbed by the sphere, 
what 1s 1ts temperature Increase? 

(H) Estimate the Calorie content of 65 ø of candy from the 
following measurements. A 15-g sample of the candy 1s 
placed In a small aluminum container of mass 0.325 kg 
filled with oxygen. This container 1s placed In 1.75 kg of 
water In an aluminum calorimeter cup of mass 0.624 kg at 
an Initial temperature of 15.0°C. The oxygen-candy mixture 
1n the small container (a “bomb calorimeter”) 1s ignited, 
and the final temperature of the whole system 1s 53.5°C. 
(H) Determine the energy content of 100 ø of Karen's fudge 
cookles from the following measurements. A 10-g sample 
of a cookie 1s allowed to dry before putting 1t in a boøữmb 
calorimefer (page 396). The aluminum bomb has a mass of 
0.615 kg and 1s placed In 2.00 kg of water contained In an 
aluminum calorimeter cup of mass 0.524 kg. The Initial 
temperature of the system is 15.0°C, and is temperature 
after Ignition 1s 36.0°C. 


14-5 Latent Heat 


24. 


25. 


26. 


XÃ 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


(Ð) Tf 3.40 x 10”7J of energy ¡is supplied to a container of 
liquid oxygen at — 183°C, how much oxygen can evaporate? 
(II) How much heat is needed to melt 23.50 kg of silver 
that is imtially at 25°C? 

(II) During exercise, a person may give off 185 kcal of heat 
in 25 min by evaporation of water (at 20°C) from the skin. 
How much water has been lost? [Hnr: See page 399. | 

(ID) What mass of steam at 100°C must be added to 1.00 kg 
Of ice at 0°C to yield liquid water at 30°C? 

(II) A 28-g ice cube at its melting poïnt is dropped into an 
1nsulated container of liquid nitrogen. How much nitrogen 
evaporates IŸ It is at 1ts boiling point of 77 K and has a latent 
heat of vaporization of 200 kJ/kg? Assume for simplicity 
that the specific heat of ice 1s a constant and 1s equal to 1s 
value near 1(s melting point. 

(IH) High-altitude mountain climbers do not eat snow, but 
always melt it first with a stove. To see why, calculate the 
energy absorbed from your body If you: (2) eat 1.0 kg of 
—15°C snow which your body warms to body temperature 
of 37°C; (5) melt 1.0 kg of —15°C snow using a stove and 
drink the resulting 1.0 kg of water at 2°C, which your body 
has to warm to 37°C. 

(H) An rron boiler of mass 180 kg contains 730 kg of water at 
18°C. A heater supplies energy at the rate of 58,000 k]/h. 
How long does it take for the water (4) to reach the boiling 
poïnt, and (ð) to all have changed to steam? 

(H) Determine the latent heat of fusion of mercury using 
the following calorimeter data: 1.00 kg of solid Hg at 1s 
melting point of —39.0°C 1s placed in a 0.620-kg aluminum 
calorimeter with 0.400 kg of water at 12.80°C; the resulting 
equilibrium temperature 1s 5.06°C. 

(HT) Ata crime scene, the forensic Investigator notes that the 
6.2-g lead bullet that was stopped In a doorframe apparently 
melted completely on impact. Assuming the bullet was shot 
at room temperature (20°C), what does the investigator 
calculate as the minimum muzzle velocity of the gun? 

TI) A 64-kg ice-skater moving at 7.5 m/s glides to a stop. 
Assuming the ïce 1s at 0°C and that 50% of the heat generated 
by friction 1s absorbed by the Ice, how much Ice melts? 

(T) A cube of ice ïs taken from the freezer at —8.5°C and 
placed In an 8§Š-g aluminum calorimeter filled with 310 gø of 
water at room temperature of 20.0°C. The final situation 1s 
all water at 17.0°C. What was the mass of the Ice cube? 
(HA 55-g bullet traveling at 250 m/s penetrates a block of 
1ce at 0°C and comes to rest within the Ice. Assuming that 
the temperature of the bullet doesn't change appreciably, 
how much ice 1s melted as a result of the collision? 


14-6 to 14-8 Conduction, Convection, Radiation 


36. 


37. 


38. 


(I) Calculate the rate of heat flow by conduction through 
the windows of Example 14-86, assuming that there are 
strong gusty winds and the external temperature 1s —5°C. 
(J) One end of a 56-em-long copper rod with a diameter of 
2.0 cm is kept at 460C, and the other 1s Immersed In water 
at22°C. Calculate the heat conduction rate along the rod. 
(IH) (a) How much power 1s radiated by a tungsten sphere 
(emissivity e = 0.35) of radius 19 em at a temperature of 
25°C? (0) If the sphere is enclosed in a room whose walls 
are kept at —5°C, what is the neí flow rate of energy out of 
the sphere? 
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Problems 


39. (I1) How long does it take the Sun to melt a block of ice at 
0°C with a flat horizontal area 1.0 mỂ and thickness 1.0 cm? 
Assume that the Sun”s rays make an angle of 35° with the 
vertical and that the emissivity of ice 1s 0.050. 


40. (TỦ) Heaf conduciion to skin. Suppose 150W of heat flows by 
conduction from the blood capillaries beneath the skin to 
the body's surface area of 1.5 m°. If the temperature differ- 
ence 1s 0.50 C°, estimate the average distance of capillaries 
below the skin surface. 


4í. (II) Two rooms, each a cube 4.0m per side, share a 14-cm- 
thick brick wall. Because of a number of 100-W lightbulbs 
1n one room, the air Is at 30°C, while in the other room If 1s 
at 10°C. How many of the 100-W bulbs are needed to 
maintain the temperature difference across the wall? 


42. (II) A 100-W lightbulb generates 95W of heat, which is 
dissipated throuph a glass bulb that has a radius of 3.0 em 
and ¡s 0.50 mm thick. What 1s the difference in temperature 
between the Inner and outer surfaces of the glass? 


43. (HI) Approximately how long should it take 8.2 kg of ice 
at 0C to melt when 1t 1s placed in a carefully sealed 
Styrofoam Ice chest of dimensions 25 em % 35 cm % 55 cm 
whose walls are 1.5 cm thick? Assume that the conductivity 
of Styrofoam 1s double that of air and that the outside 
temperature 1s 34C. 


44. 


(HI) A copper rod and an aluminum rod of the same length 
and cross-sectional area are attached end to end (Eig. 14—16). 
The copper end 1s placed In a furnace mainftained at a con- 
stant temperature o£205°C. The aluminum end 1s placed In 
an ice bath held at a constant temperature o£0.0°C. Calculate 
the temperature at the point where the two rods are Joined. 


FIGURE14-18  —————————— 
Problem 44. 205°C T=) 0.0°C 
#45. (III) Suppose the insulating qualities of the wall of a house 


come mainly from a 4.0-in. 
layer of brick and an Ñ-19 
layer of insulation, as shown 
in Hg. 14-19. What 1s the total 
rate of heat loss through TÌ 
such a wall, 1 is total area 1s 
195 f and the temperature 
difference across 1f is 35 F°? 


Brick Insulation 
(Rị) — (R) 


FIGURE 14-19 
Problem 45. Two layers 
1nsulating a wall. 


[ General Problems 


46. A soft-drink can contains about 0.35 kg of liquid at 5°C. 
Drinking this liquid can actually consume some of the fat 
1n the body, since energy is needed to warm the liquid to 
body temperature (37°C). How many food Calories should 
the drink have so that it 1s In perfect balance with the heat 
needed to warm the liquid (essentially water)? 

47. (a) Estimate the total power radiated into space by the 
Sun, assuming 1t to be a perfect emiter at 7 = 5500K. 
The Sun°s radius is 7.0 < 10Ÿm. (b) From this, determine 
the power per unit area arriving at the Earth, 1.5 x 10!m 
away (Fig. 14-20). 


r=1.5x10!m 
Earth 


48. To get an idea of how much thermal energy 1s contained In 
the world”s oceans, estimate the heat liberated when a cube 
Of ocean water, 1 km on each side, is cooled by 1 K. (Approx- 
1mafe the ocean water as pure water for this estimate.) 


FIGURE 14-20 
Problem 47. 


49. What will be the final result when equal masses OŸ Ice at 
0°C and steam at 100°C are mixed together? 

50. A mountain climber wears a goose-down Jacket 3.5 cm thick 
with total surface area 0.95 m”. The temperature at the 
surface of the clothing 1s —18°C and at the skin 1s 34°C. 
Determine the rate of heat flow by conduction through the 
Jjacket assuming (2) 1t is dry and the thermal conductivity & 1s 
that of goose down, and () the jacket is wet, so & ïs that 
of water and the Jacket has matted to 0.50 cm thickness. 
Sí. During ligh(t activity, a 70-kg person may generate 
200 kcal/h. Assuming that 20% of this goes into useful 
work and the other 80% is converted to heat, estimate the 
temperature rise of the body after 45 min If none of this 
heat 1s transferred to the environmenI. 
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5. 


53 


54. 


5. 


S6. 


51. 


58. 


Estimate the rate at which heat can be conducted from the 
1nterior of the body to the surface. As a model, assume that 
the thickness of tissue 1s 4.0 em, that the skin 1s at 34°C 
and the interior at 37°C, and that the surface area is 1.5 m°. 
Compare this to the measured value of about 230W that 
must be dissipated by a person working lightly. This clearly 
shows the necessity of convective cooling by the blood. 

A bicyclist consumes 9.0 L of water over the span of 3.5 hours 
during a race. Making the approximation that 80% of the 
cyclist's energy øoes Into evaporating this water (at 20°C) 
as sweat, how much energy In kcal did the rider use during 
the ride? [Hinr: See page 399.] 

If coal gives off 30 MJ/kg when burned, how much coal is 
needed to heat a house requiring 2.0 < 10 MỊ for the whole 
winfer? Assume that 30% of the heat is lost up the chimney. 
A 15-g lead bullet is tested by firing 1t into a fixed block of 
wood with a mass of 35 kg. The block and imbedded bullet 
together absorb all the heat generated. After thermal equi- 
librium has been reached, the system has a temperature rise 
measured as 0.020 C°. Estimate the bullet's entering speed. 
A 310-kg marble boulder rolls off the top of a clff and 
falls a vertical height of 120 m before striking the ground. 
Estimate the temperature rise of the rock If 50% of the 
heat generated remains In the rock. 

A 2.3-kg lead ball is placed In a 2.5-L Insulated pail of 
water Initially at 20.0°C. If the final temperature of the 
water-lead combination is 32.0°C, what was the initial 
temperature of the lead ball2 

A microwave oven Is used to heat 250 ø of wafer. Ôn 1(s maxi- 
mum setting, the oven can raise the temperature of the liquid 
water from 20°C to 100°C in 1min 45s(= 105$). (2) At 
what rate does the oven put energy into the liquid water? 
(b) If the power input from the oven to the wafer remains 
constant, determine how many grams of water wIll boil away 
1ƒ the oven 1s operated for 2 min (rather than just 1 min 45 s). 


59. 


FIGURE 14-21 
Problem 59. 


60. 


61. 


62. 


63. 


In a typical squash game (Fig. 14-21), two people hit a soft 
rubber ball at a wall. Assume that the ball hits the wall at a 
velocity of 22 m/s and bounces back at a velocity of 12 m/s, 
and that the kinetic energy lost In the process heats the ball. 
'What wIll be the temperature Increase of the ball after one 
bounece? (The specific heat of rubber is about 1200 J/kg - C°.) 


The temperature within the Earth”s crust increases about 
1.0” for each 30 m of depth. The thermal conductivity of 
the crust is 0.80 J/s: C°-m. (z) Determine the heat trans- 
ferred from the Interior to the surface for the entire Earth 
in 10h. (b) Compare this heat to the 1000 W/mŸ that 
reaches the Earth”s surface in 1.0 h from the Sun. 

An rron meteorite melts when 1t enters the Earth's atmosphere. 
TỶ is Initial temperature was —105”C outside of Earth”s 
atmosphere, calculate the minimum velocity the meteorite 
must have had before 1t entered Earths atmosphere. 

The temperature of the ølass surface of a 75-W lightbulb is 
75°C when the room temperature 1s 18°C. Estimate the 
temperature ofa 150-W lightbulb with a glass bulb the same 
size. Consider only radiation, and assume that 90% of the 
enerøy 1s emitted as heat. 

In a cold environment, a person can lose heat by conduction 
and radiation at a rate of about 200W. Estimate how long 1t 
would take for the body temperature to drop from 36.6°C 
to 35.6”C 1ƒ metabolism were nearly to stop. Assume a mass 
of 65 kg. (See Table 14-1.) 


64. 


65. 


66. 


67. 


68. 


A 12-g lead bullet traveling at 220 m/s passes throuph a thin 
wall and emerges at a speed of 160 m/s. If the bullet absorbs 
50% of the heat generated, (z) what will be the temperature 
rise of the bullet? (5) If the bullet”s Initial temperature was 
20°C, will any of the bullet melt, and If so, how much? 

A leaf of area 40 em” and mass 4.5 < 10” kg directly faces 
the Sun on a clear day. The leaf has an emissivity of0.85 and 
a specific heat of 0.80 kcal/kg -K. (z) Estimate the energy 
absorbed per second by the leaf from the Sun, and then 
(b) estimate the rate of rise of the leafs temperature. (c) WII 
the temperature rise continue for hours? Why or why not? 
(đ) Calculate the temperature the leaf would reach If ¡t lost 
all its heat by radiation to the surroundinsgs at 24°C. (e) In 
what other ways can the heat be dissipated by the leaf? 
sing the result of part (z) in Problem 65, take Into account 
radiation from the leaf to calculate how much water must 
be transpired (evaporated) by the leaf per hour to maintain 
a temperature of 35°C. 

After a hot shower and dishwashing, there seems to be no 
hot water left in the 65-gal (245-L) water heater. This suggests 
that the tank has emptied and refilled with water at rouphly 
10°C. (z) How much energy does it take to reheat the water 
to 45°C? (b) How long would 1t take 1f the heater output 
1s 0500 W2 

A house thermostat 1s normally set to 22°C, but at nipht 1t 
1s turned down to 16°C for 9.0 h. Estimate how much more 
heat would be needed (state as a percentage of daily usape) 
1ƒ the thermostat were not turned down at night. Assume that 
the outside temperature averages 0°C for the 9.0 h at nipht 
and 8°C for the remainder of the day, and that the heat loss 
from the house 1s proportional to the temperature difference 
1nside and out. To obtain an estimate from the data, you must 
make other simplifying assumptions; state what these are. 
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Create graphs simllar to Hg. 14-5, but for lead and ethyl alco- 
hol. Compare and confrast them with each other and with the 
graph for water. Are there any temperature ranges for which 
all three substances are liquids? AlI vapors? All solids? 
For convenience, use the specific heatfs g1ven in Table 14—1 
for all states of lead and ethyl alcohol. 


. (z) Using the solar constant, estimate the rate at which the 


whole Earth receives energy from the Sun. (5) Assume the 
Earth radiates an equal amount back Into space (that 1s, 
the Earth is in equilibrrum). Then, assuming the Earth is a 
perfect emitter (e = 1.0), estimate Its averaøe surface 
temperature. [Hir: Discuss why you use area A = 7š Or 
A = 4mrỆ in each part.] 


. Calculate what wIll happen when 1000 ] of heat is added to 


100 prams of (2) Ice at —20°C, (b) ice at 0°C, (c) water at 
10°C, (đ) water at 100°C, and (e) steam at 110°C. 


ANSWERS TO EXERCISES 
A: (0). 

B: (c). 

C: The phase change, liquid to Ice (second proces$). 
D: 0.21 kg. 


4. 


E: 


A house has well-insulated walls 19.5 cm thick (assume 
conductivity of air) and area 410 mZ, a roof of wood 5.5 em 
thick and area 250 m2, and uncovered windows 0.65 cm 
thiek and total area 33 m°. (z) Assuming that heat is lost 
only by conduction, calculate the rate at which heat must 
be supplied to this house to maintain 1s Iinside tempera- 
ture at 23°C 1f the outside temperature is —15°C. () If 
the house 1s Initially at 15°C, estimate how much heat 
must be supplied to raise the temperature to 23°C within 
30 min. Assume that only the air needs to be heated and 
that its volume is 750 mỶ. (c) If natural gas costs $0.080/kg 
and its heat of combustion is 5.4 < 107J/kg, what is the 
monthly cost to maintain the house as in part (2) for 24h each 
day, assuming 90% of the heat produced 1s used to heat the 
house? Take the specific heat of air to be 0.24 kcal/kg- C°. 


The drapes trap a layer of air between the Inside of the 
window and the room, which acts as an excellent Insulator. 


EF: (4). 
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Thermodynamics 1s the study of heat and work. Heat 1s a transfer of energy due to a difference of temperature. Work 1s a 
transfer of energy by mechanical means, not due to a temperature difference. The first law of thermodynamics links the two 
1n a øeneral statement of energy conservation: the heat @ added to a system minus the net work W done by the system equals 


the change In internal energy AU 
of the system: AU = Q@ — W. 

There are many uses for a heat 
engine such as a modern coal- 
burning power plant, or a steam 
locomotive. The photograph shows a 
steam locomotive which produces 
steam that does work on a piston 
that moves linkage to turn locomofIve 
wheels. The efficiency of any engine 1s 
limited by nature as described In the 
second law of thermodynamics. This 
great law 1s best stated in terms of a 
quantity called entropy, which 1s of 
conserved, but Instead 1s constrained 
always to Increase In any real process. 
Entropy 1s a measure of disorder. 
The second law of thermodynamics 
tells us that as time moves forward, 
the disorder in the universe Increases. 
We also discuss practical matters such 
as heat engines, heat pumps, 
refriperators, and aIr conditioners. 
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The Laws of 
Thermodynamics 


CHAPTER-OPENING QUESTION——Guess now! 


Fossil-fuel electric generating plants produce “thermal pollution.” Part of the heat 
produced by the burning fuel 1s not converted to electric energy. The reason for 
this wasfe 1s 

(a) the efficiency 1s higher 1f some heat 1s allowed to escape. 

(b) engineering technology has not yet reached the point where 100% waste 
heat recovery 1s possIble. 
some wasfe heat sí be produced: this 1s a fundamental property of nature 
when converting heat to useful work. 
the plants rely on fossil fuels, not nuclear fuel. 
None of the above. 


(©) 


(d) 
(e) 


| hermodynamics 1s the name we give to the study oŸ processes in which 
energy 1s transferred as heat and as work. 

In Chapter 6 we saw that work 1s done when enersy 1s transferred from one 
object to another by mechanical means. In Chapter 14 we saw that heat is a trans- 
fer of energy from one obJect to a second one at a lower temperature. Thus, heat 
1s much like work. To distinguish them, hea 1s defined as a fransƒer oƒ energy due 
to a diference in temperature, whereas WOrK 1s a transfer of energy that 1s not due 
to a temperature difference. 


In discussing thermodynamics, we often refer to particular systems. A system 
1s any object or set of obJects that we wish to consider (see Section 14-4). Every- 
thing else mm the universe 1s referred to as 1fs “environment” or the “surroundings.” 

In this Chapter, we examine the two great laws of thermodynamics. The first 
law of thermodynamics relates work and heat transfers to the change 1n Internal 
energy of a system, and 1s a general statement of the conservation of energy. The 
second law of thermodynamics expresses limits on the ability to do useful work, 
and 1s often stated In terms of ew/ropy, which 1s a measure of disorder. Besides 
these two great laws, we also discuss some Important related practical devices: 
heat engines, refrigerators, heat pumps, and air condifIoners. 


15-1 The First Law of Thermodynamics 


In Section 14-2, we defined the Iinternal energy oŸ a system as the sum total of all 
the energy of the molecules within the system. Then the Internal energy of a 
system should increase 1ƒ work 1s done on the system, or 1ƒ heat 1s added to 1t. 
Similarly the internal energy should decrease 1f heat flows out of the system or 1Ÿ 
work 1s done by the system on something In the surroundinøs. 

Thus 1 1s reasonable to extend conservafion of energy and propose an ImpOT- 
tant law: the change 1n Internal energy of a closed system, AU, will be equal to 
the energy added to the system by heating minus the work done by the system on 
the surroundings. In equation form we WrIte 


AU =O@—W (15-1) 


where Q 1s the net heat addedđ to the system and W1s the net work done by the system. 
'We must be careful and consistent in following the sign convenftions for @ and W. 
Because Wn Edq. 15—1 1s the work done by the system, then 1ƒ work 1s done øz the 
system, W wIll be negative and  will increase. Similarly, @ 1s positive for heat 
added to the system, so 1Ý heat leaves the system, Ở 1s negative. [Caution: Elsewhere 
you may sometimes encounter the opposite convention for W where W is defined 
as the work done øz the system; in that case Eq. 1Š5—1 Is written as AU = @ + W'] 

Equation 15-1 1s known as the first law of thermodynamics. Ít is one of the 
great laws of physics, and is validity rests on experimentfs (such as Joule's) to 
which no exceptions have been seen. Since @ and W represent energy transferred 
1nfo or out of the system, the 1nternal energy changes accordingly. Thus, the first 
law of thermodynamIcs 1s a general statement of the /2+0 oƒconser0ation 0ƒ energy. 

Note that the conservation of energy law was not able to be formulated until 
the 1800s, because 1t depended on the Interpretation of heat as a transfer O energy. 

A gIven system does not “have” a certain amount of heat or work. Rather, work 
and heat are 1nvolved 1n /hermodynamic processes that can change the system 
from one state to another; they are not characteristic of the state 1tself. Quantitles 
which describe the state oŸa system, such as Internal energy , pressure P, volume W, 
temperature 7, and mass or number of moles ø, are called state variables. 
and W are not state variables. 


EXAMPLE 15-1 | Using the first law. 2500 J of heat is added to a system, 

and 1800 J of work 1s done on the system. What 1s the change in internal energy 
Of the system? 
APPROACH We apply the first law of thermodynamrcs, Eq. 15—1, to our system. 
SOLUTION The heat added to the system 1s @ = 2500 J. The work W done 
by the system 1s —1800 J. Why the minus sign? Because 1800 J done øn the 
system (as øiven) equals — 1800 J done by the system, and it is the latter we need 
for the sign conventions we used for Eq. 15-1. Hence 


AU = 2500J-— (-1800]) = 25001 + 1800) = 43001. 
NOTE_We did this calculation in detail to emphasize the Importance of keeping 


careful track of signs. Both the heat and the work are Inputs to the system, so Wwe 
expect ÂU to be increased by both. 


FIRST LAW OF 
THERMODYNAMICS 


Â©cAuTioN —_ 
Heat added is + 
Heat lost is — 

Work on system is — 
Work by system is + 


$*CAUTION 
b.VT,U m,H are state 
0ariables. W and Q are not: 
a system does not have an 
arnount öƒ heat or tuork 
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Movable 
piston 


FIGURE 15-1 An ideal gas in a 
cylinder fitted with a movable piston. 


FIGURE 15-2 PV diagram for an 
1deal gas undergoing Isothermal 


prOcesses at two different temperatures. 


P 
A 
V 
B 
Higher 7 
bụ Lower 7 
0 V 


EXERCISEA What would be the internal energy change in Example 15—1 1f 2500 ] of 
heat is added to the system and 1800 J of work 1s done by the system (1.e., as output)? 


*The Eirst Law of Thermodynamics Extended 
To write the first law of thermodynamics In a more complete form, consider a 
system that 1s moving so 1t has kinetic energy KE, and suppose there 1s also potential 
energy PE. Then the first law of thermodynamics would have to include these terms 
and would be written as 


AKE + ÁPE + AU = Q_— W. (15-2) 


EXAMPLE 15-2 | Kinetic energy transformed to thermail energy. A 3.0-g 
bullet traveline at a speed of 400 m/s enters a tree and exifs the other side with a speed 
of200 m/s. Where did the bullet's lost KE go, and how much energy was transferred? 


APPROACH Take the bullet and tree as our system. No potential energy 1s 
imnvolved. No work ¡is done on (or by) the system by outside forces, nor 1s any 
heat added because no energy was transferred to or from the system due to a 
temperature difference. Thus the kinetic energy gefs transformed 1nto Iinternal 
energy of the bullet and tree. This answers the first question. 


SOLUTION In the first law of thermodynamics as written in Eq. 15-2, we are 
given @ = W = APE = 0, so we have 
AKE + ÂU = 0 


or, using subscripfs 1 and f for intial and final velocities, 


AU = —AKE = -(KE¡T— KEj) = ;m(u‡ — %) 


= ¿(3.0 x 103kg)[(400 m/s)? — (200m/s)?| = 1801. 
NOTE The internal energy of the bullet and tree both increase, as both experi- 


ence a rise In temperature. If we had chosen the bullet alone as our system, work 
would be done on 1t and heat transfer would occur. 


15-2 Thermodynamic Processes and 
the First Law 


Let us analyze some thermodynamic processes In light of the first law of 
thermodynamIcs. 


Isothermal Processes (A7 = ()) 


To begin, we choose a very simple system: a fixed mass of an 1deal gas enclosed in 
a container fitted with a movable piston as shown 1n FElIg. 15—1. 

First we consider an idealized process, such as adding heat or doing work, that 1s 
carried out at constant temperature. Such a process 1s called an isothermal process 
(from the Greek meaning “same temperature”). If the system 1s an ideal gas, then 
PV = nÑRT (Edq. 13-3), so for a fixed amount oŸ gas kept at constant temperature, 
PV = constant. Thus a graph of pressure ? vs. volume W, a PW điagram, would 
follow a curve like AB 1n Fig. 15—2 for an 1sothermail process. Each point on the 
curve, such as point A, represents the state of the system at a øgIven moment— 
that 1s, 1s pressure P and volume V. At a lower temperature, another isothermal 
process would be represented by a curve like A" B' ïn Eig. 15-2 (the product 
PV = nÑT = constant is less when 7 ¡s less). The curves shown In Fig. 15-2 
are referred to as ¡sotfherms. 

We assume the gas is In contact with a heat reservoir (a body whose mass 1S SO 
large that, ideally, 1ts temperature does not change significantly when heat 1s exchanged 
with our system). We also assume that a process of compression (volume decrease) 
or expansion (volume Increase) 1s done very slowly, so that the process can be 
considered a series öoƒ equilibriưun sfafes all at the same constant temperature. 


TIf a gas expands or is compressed quickly, there is turbulence and different parts of the gas in ifs 
container would be at different pressures and temperafures. 
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TỶ the gas 1s Initially In a state represented by point A 1n Hg. 15—2, and an amount 
of heat @ 1s added to the system, the pressure and volume will change and 
the state of the system will be represented by another point, B, on the diagram. 
TỶ the temperature 1s to remain constant, the gas will expand and do an amount 
of work W on the environment (it exerts a force on the piston in Eig. 15-1 
and moves 1t through a distance). The temperature and mass are kept constant 
so, from Edq. 14-1, the internal energy does not change: AU = 3# AT = 0. 
Hence, by the first law of thermodynamies, Eq. 15-1, AU =@_— W =0,so 
W = ©': the work done by the gas in an Isothermal process equals the heat added 
to the øas. 


Adiabatic Processes (Œ = 0) 


An adiabatie process 1s one in which no heat 1s allowed to flow into or out of the 
system: @ = 0. This situation can occur 1ƒ the system 1s extremely well insulated, 
or the process happens so quickly that heat—which flows slowly——has no time 
to flow 1n or out. The very rapid expansion of øases In an Iinternal combustion 
engine 1s one example of a process that 1s very nearly adiabatic. An adiabatic 
expansion of an ideal gas done very slowly can be represented by a curve like 
that labeled AC 1n Fig. 15-3. Since @= 0, we have from Eq. 15-1 that 
AU = —W. When a gas expands, it does work and W 1s posifive, so the Inter- 
nal enerey decreases; hence the temperature decreases as well (because 
AU = šnR AT). Thỉs is seen in Fig. 15-3 where the product PV (= #7) is less 
at point C than at point B. (Compare to curve AB for an isothermal process, in 
which AU = 0and A7' = 0.) In the reverse operation, an adiabatic compression 
(goïng from C to A, for example), work is done øz the gas, and hence the Internal 
enerøy Increases and the temperature rises. In a diesel engine, the fuel-air mixture 
1s rapidly compressed adiabatically by a factor of 15 or more; the temperature 
TIS€ 1S SO øreat that the mixture 1gnites spontaneously, without spark plugs. 


Isobaric and Isovolumetric Processes 


Isothermal and adiabatic processes are Just two possible processes that can OcCur. 
Two other simple thermodynamic processes are 1llustrated on the PVW diagrams 
of Fig. 15—4: (a) an isobarie process Is one in which the pressure 1s kept constant, 
so the process 1s represented by a straight horizontal line on the PVW diagram 
(Fig. 15-4a); (b) an isovolumetrie (or /sochoric) process 1s one In which the volume 
does not change (Fig. 15-4b). In these, and ¡n all other processes, the first law of 
thermodynamics holds. 


Work Done in Volume Changes 


Tt1s often valuable to calculate the work done 1n a process. If the pressure 1s kept 
constant during a process (Isobaric), the work done 1s easily calculated. For exam- 
ple, 1ƒ the gas in Eig. 1Š5—5 expands very slowly against the piston, the work done 
by the gas fo raise the piston 1s the force # times the distance đ. But the force 
1s just the pressure ? of the gas times the area A of the piston, . = PA. Thus, 


W = Fd = PAd. 
Note that Ađ = AV, the change in volume of the gas, sO 
W = PAV. [constant pressure] (15-3) 


Equation 15—3 also holds 1f the gas 1S cØ#presseđ at constant pressure, in which 
case AV 1s negative (since V decreases); W is then negative, which indicates 
that work 1s done øn the gas. Equation 15~—3 is also valid for liquids and solids, 
as long as the pressure 1s constant during the process. 

In an isovolumetric process (Eig. 1Š5—4b) the volume does not change, so no 
wWork Is done, W = 0. 


Isothermal 


Adiabatie 


0 V 


FIGURE 15-3 PV diapram for 
adiabatic (AC) and isothermal (AB) 
prOcesses on an I1deal gas. 


FIGURE 15-4 (a) Isobaric (“same 
pressure”) process. (b) Isovolumetric 
(“same volume”) process. 


P P A 
A B 
——. 
B 
0 m 0 
(a) Isobaric (b) Isovolumetric 


FIGURE 15-5 Work ¡is done on the 
pIston when the gas expands, moving 
the piston a distance đ. 
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Isothermal 
Isovolumetric 
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| | 
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FIGURE 15-6 PV diapram for 
different processes (see the text), where 
the system changes from A to B. 


Figure 15—6 shows the Isotherm AB we saw In Fig. 15-2 as well as another 
possible process represented by the path ADB. In goïing from A to D, the gas 
does no work since the volume does not change. But in going from D to B, 
the gas does work equal to PÍEš — Vị), and this is the total work done 1n the 
process ADB. 

Tf the pressure varies during a process, such as for the 1sothermal process AB 
in Eig. 15-6 (and Hg. 15-2), Eq. 15-3 cannot be used directly to determine the 
work. A rouph estimate can be obtained, however, by using an “average” value 
for P1n Edq. 15-3. More accurately, the work done 1s equal to the area under the 
PV curve. Thịs 1s obvious when the pressure 1s constant: as Fig. 15—7a shows, the 
shaded area 1s Just Đy(h =x Wa), and this 1s the work done. Similarly, the work 
done during an I1sothermal process 1s equal to the shaded area shown 1m 
Fig. 15—7b. The calculation of work done 1n this case can be carried out using 
calculus, or by estimating the area on graph paper. 


(b) 
FIGURE 15-7 Work done by a gas is equal to the area under the PV curve. 


CONCEPTUAL EXAMPLE 15-3 | Work in isothermal and adiabatic 


processes. In Fig. 15-3 we saw the PV diagrams for a gas expanding In two 
ways, 1sothermally and adiabatically. The Imtial volume V2 was the same 1n each 
case, and the final volumes were the same (Vạ = Vệ). In which process was more 
work done by the gas? 


RESPONSE Our system 1s the gas. More work was done by the gas in the 
1sothermal process, which we can see 1n two simple ways by looking at FIg. 15—3. 
Eirst, the “average” pressure was higher during the 1sothermail process AB, so 
W = By AV was greater (AV 1s the same for both processes). Second, we can 
look at the area under each curve as we showed In Eig. 15—7b: the area under 
curve AB, which represents the work done, Is øreater (because curve AB 1s hipher) 
than the area under ACin Fig. 15-3. 


EXERCISE B Is the work done by the gas in process ADB of Fig. 15—6 greater than, less 
than, or equal to the work done In the 1sothermal process AB? 


Table 15-1 gives a brief summary of the processes we have discussed. Many 
other types Of processes can occur, but these “simple” ones are useful and can be 
dealt with by fairly simple means. 


TABLE 15-1 Simple Thermodynamic Processes and the First Law 


Process 'What ïs consfant: The first law, AU = Q — W, predicts: 
Isothermal T = constant A7 =0 makes AU = 0, so @= W 
IsobarIc P = constant O=AU+W=AU+ PAV 
Isovolumetric V = constant AV =0 makes W =0, so Q= AU 
Adiabatic =0 AU =-W 
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First law ïn isobaric and isovolumetric processes. An 
1deal gas 1s slowly compressed at a constant pressure of 2.0 atm from 10.0 L to 
2.0L. This process Is represented in Fig. 15-8 as the path B to D. (In this process, 
some heat flows out of the gas and the temperature drops.) Heat is then added to 
the gas, holding the volume constant, and the pressure and temperature are 
allowed to rise (line DA) until the temperature reaches its original value 
(TA = 7s). In the process BDA, calculate (2) the total work done by the gas, and 
(b) the total heat flow into the gas. 


APPROACH (z2) Work is done only in the compression process BD. In process DA, 
the volume ïs constant so AW = 0 and no work 1s done (Eq. 15-3). (b5) We use 
the first law of thermodynamrcs, Eq. 15-1. 

SOLUTION (z) During the compression BD, the pressure ¡1s 2.0aftm = 
2(1.01 x 10°5N/m?) and the work done is (1L = 101cm” = 103m) 


W = PAV 
= (2.0 x 10°N/m?)[(2.0 x 103m?) - (10.0 x 103m))| 
= -16 X 101. 


The total work done by the gas is —1.6 x 10 J, where the minus sign means that 
+1.6 Xx 101 of work ¡is done øï the gas. 

(b) Because the temperature at the beginning and at the end of process BDA 1s 
the same, there 1s no change 1n Internal energy: AU = 0Ú. From the first law of 
thermodynamics we have 


0 = AU = Q—VW, 
SƠ 
Q = W = -16Xx1Œ!]. 


Because Ở 1s negative, 1600 J of heat flows out of the gas for the whole process, 
BDA. 


EXERCISE € In Example 15-4, ¡f the heat lost from the gas in the process BD 1s 
§.4 x 1021, what is the change in internal energy of the gas during process BD? 


Work done in an engine. In an engine, 0.25 mol of an 
1deal monatomic gas 1n the cylinder expands rapidly and adiabatically against 
the piston. In the process, the temperature of the gas drops from 1150 K to 400 K. 
How much work does the gas do? 

APPROACH We take the gas as our system (the piston 1s part of the surround- 
Iings). The pressure is not constant, so we cant use Eq. 15-3 (W = PAYV). 
Instead, we can use the first law of thermodynamics to find W because we can 
determine AU (from A7) and Q@ = 0 (the process Is adiabatic). 

SOLUTION We determine AU from Edq. 14-1 for the internal energy of an 
1deal monatomc gas, using subscripts f and 1 for final and Initial states: 


AU = U¡— U¡ = jnR(T: - Tì 
=_š(0.25 mol)(8.3141J/mol-K)(400K — 1150K) 
= 2300]. 


Then, from the first law of thermodynamics, Eq. 15—1, the work done by the gas 1s 


W = Q— AU = 0-— (-2300]) = 23001. 


Isothermal 


: | 
G¡I: lsovolumetric 
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FIGURE 15-8 Example 15-4. 
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AU for boiling water to steam. Determine the change in 
Iinternal energy of 1.00 liter of water (mass 1.00 kg) at 100°C when ït is fully boiled 
from liquid to gas, which results in 1671 liters of steam at 100°C. Assume the 
pTrocess 1s done at atmospheric pressure. 


APPROACH Our system is the water. The heat required here does not result in 
a temperature change; rather, a change in phase occurs. We can determine the 
heat Ó requrred using the latent heat of water, as in Sectlon 14—5. Work too will 
be done: W = P AV. The first law of thermodynamics wIll then give us AU. 


SOLUTION The latent heat of vaporization of water (Table 14-3) 1s 
Ly = 22.6 x 10°J/kg. So the heat input required for this process is (Eq. 14-4) 


Q = mL = (100kg)(226 x 1081/kg) = 22.6 x 101. 
The work done by the water is (Eq. 15—3 since ? is constanf) 
W = PAV = (101 x 10N/m?|(1671 x 10m) - (1 x 103m)| 
= 1.69 x 1071, 
where we used 1 atm = 1.01 x 107N/m” and 1L = 10°cem = 10 ”mỶ. Then 
AU = QT—W = (2246 x 101) - (17 x 101) = 20.9 x 101. 


NOTE Most of the heat added goes to increasing the internal energy of the water 
(increasing molecular energy to overcome the attraction that held the molecules 
close together in the liquid state). Only a small part (< 10%) goes into doïng work. 


NOTE Equation 14-1, U = š#RT, tells us that AU = 0 for Example 15-6 
because A7 = 0. Yet we determined that AU = 21 x 1071]. What is wrong? 
Equation 14-1 applies only to an ideal monatomc gas, not to liquid water. 


*15—3 Human Metabolism and 
the First Law 


@® PHYSICS APPLIED Human beings and other animals do work. Work 1s done when a person walks or 
Energy in the huưman body  runs, or HŸts a heavy obJect. Work requires energy. Energy 1s also needed for 
ørowth——to make new cells, and to replace old cells that have đied. A great many 
energy-transforming processes occur within an organism, and they are referred 
tO as mefabolism. 
FIGURE 15-9 Bike rider getting We can apply the first law of thermodynamics, 
an Input Of energy. ÑW' =:Ð'=18£ 


to an organism: say, the human body. Work W ¡s done by the body In 1s various 
activitles; 1ƒ this 1s not to result in a decrease in the body”s internal energy (and 
temperature), enersy must somehow be added to compensate. The body's internal 
enerøy 1s not maintained by a flow of heat Ở into the body, however. Normally, 
the body 1s at a higher temperature than Ifs surroundings, so heat usually flows 
ouf oŸ the body. Even on a very hot day when heat 1s absorbed, the body has no 
way Of utilizing this heat to support 1fs vital processes. What then 1s the source of 
energy that allows us to do work? It is the internal energy (chemical potential 
energy) s(ored In foods (Eig. 15-9). In a closed system, the Internal energy 
changes only as a result of heat flow or work done. In an open system, such as a 
human, Iinternal energy 1(self can flow Iinto or out of the system. When we eat 
food, we are bringing Internal energy Into our bodies directly, which thus Increases 
the total internal energy U in our bodies. This energy eventually goes into work 
and heat flow from the body according to the first law. 

The metabolic rate 1s the rate at which Internal energy 1s transformed within 
the body. It ¡s usually specified in kcal/h or in watts. Typical metabolic rates for a 
varlety of human activities are given in Table 15-2 (top of next page) for an 
“average” 6Š5-kg adult. 
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EXAMPLE 15-7 | Energy transformation in the body. How much energy Is 
transformed m 24h by a 65-kg person who spends 8.0 h sleeping, 1.0 h at moderate 
physical labor, 4.0 h In light activity, and 11.0h working at a desk or relaxing? 


APPROACH The energy transformed during each activity equals the metabolic 
rafte (Table 15-2) multiplied by the time. 


SOLUTION Table 15-2 gives the metabolic rate in watts (J/s). Since there are 
3600 s1n an hour, the total energy transformed 1s 


la h)(701/s) + (1.0h)(460 J/s) 


+ (40h)(2301/s) + (11.0h)(115 1s |Ê6905/n) = 115 x 107]. 


NOTE Since 4.186 x 10°J = 1keal, this is equivalent to 2800 kcal; a food 
intake of 2800 Cal would compensate for this energy output. A 65-kg person 
who wanted to lose weipht would have to eat less than 2800 Cal a day, or 
1ncrease his or her level of activity. Exercise beats azy diet technique. 


15-4 The Second Law of 
Thermodynamics—Introduction 


The first law of thermodynamics states that energy 1s conserved. There are, how- 
©V€r, many processes we can 1magine that conserve energy but are not observed 
tO Occur in nature. For example, when a hot obJect 1s placed in contact with a cold 
obJect, heat flows from the hotter one to the colder one, never spontaneously 
from colder to hotter. If heat were to leave the colder object and pass to the hotter 
one, energy could still be conserved. Yet it does not happen spontaneously.” As 
a second example, consider what happens when you drop a rock and 1t hits the 
ground. The Imtial potential energy of the rock changes to kinetic energy as the 
rock falls. When the rock hits the ground, this energy 1n turn 1s transformed mnto 
1nfernal energy of the rock and the ground In the vicinity of the Impact; the mole- 
cules move faster and the temperature rises slightly. But have you seen the reverse 
happen—a rock at rest on the ground suddenly rise up 1n the air because the 
thermal energy of molecules 1s transformed Into kinetic energy of the rock as a 
whole? Energy could be conserved 1n this process, yet we never see 1t happen. 

There are many other examples of processes that occur in nature but whose 
reverse does not. Here are two more. (1) If you put a layer of salt in a jar and 
cover 1t with a layer of similar-sized grains of pepper, when you shake 1t you get a 
thorough mixture. But no matter how long you shake 1t, the mixture does not 
separate into two layers again. (2) Coffee cups and glasses break spontaneously 
1ƒ you drop them. But they do not go back together spontaneously (Eig. 15—10). 

The first law of thermodynamics (conservation of enerey) would not be violated 
1f any of these processes Occurred 1n reverse. To explain this lack of reversIbility, 
sclenfists im the latter half of the nineteenth century formulated a new principle 
known as the second law of thermodynamics. 


TBy spontaneously, we mean by itself without input of work of some sort. (A refrigerator does move 
heat from a cold environment to a warmer one, but only because 1ts motor does work——Section 15~6.) 


(a) Initial state. 


(b) Later: cụp reassembles 
and rises up. 
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(65-kg human) 


TABLE 15-2 Metabolic Rates 


Metabolic Rate 
(approximate) 
Activity kcal/h watts 
Sleeping 60 70 
Sitting upright 100 115 
Light activity 200 230 
(eating, dressing, 
household chores) 
Moderate work 400 460 
(tennis, walking) 
Running (15 km/h) 1000 1150 
Bicycling (race) 1100 1270 


FIGURE 15-10 Have you ever 
observed this process, a broken 
cup spontaneously reassembling 
and rising up onto a table? This 
prOocess could conserve energy. 


But ït never happens. 


(c) Later stl: cụp lands on table. 


419 


SECOND LAW OF THERMODYNAMICS 
(Clausius statemenf) 


FIGURE 15-11 Schematic diagram 
Of energy transfers for a heat engine. 


SÊŠ*CAUTION 
Sign conuention ƒor heat engines: 
En = 6, Ôn, Ú, Ỷ > 


@Òpnvsics APPLIED 


The second law of thermodynamics is a statement about which processes 
Occur in nature and which do not. It can be sfated In a variety of ways, all of 
which are equivalent. One statement, due to R. J. E. Clausius (1822—1888), is that 


heatf can flow spontaneously from a hot object to a cold objectf; heat will not 
flow spontaneously from a cold object to a hot object. 


Since this statement applies to one particular process, 1t 1s not obvious how 1t 
applies to other processes. A more gøeneral statement 1s needed that will include 
other possIble processes 1n a more obvIous Way. 

The development of a general statement of the second law of thermodynamIics 
was based partly on the study of heat engines. A heaf engine is any device that 
changes thermal energy into mechanical work, such as a steam engine or an aufo- 
mobile engine. We now examine heat engines, both from a practical point oŸ view 
and to show their importance in developing the second law of thermodynamics. 


15-5 Heat Engines 


It 1s easy to produce thermail energy by doing work——for example, by simply rub- 
bing your hands together briskly, or indeed by any frictional process. But to get 
work from thermal energy 1s more difficult, and a practical device to do so was 
invented only about 1700 with the development of the steam engine. 

The basic idea behind any heat engine 1s that mechanical energy can be 
obtained from thermal energy only when heat 1s allowed to flow from a high 
temperature to a low temperature. In the process, some of the heat can then be 
transformed to mechanical work, as diagrammed schematically In Fig. 15-11. 
Useful heat engines run in a repeating cycle: that 1s, the system returns repeaft- 
edly to 1ts starting pomt, and thus can run confinuously. In each cycle the change 
1n Iinternal energy of the system 1s AU = 0 because 1t returns to the starting state. 
Thus a heat input Ớu at a high temperature 7h 1s partly transformed into work W and 
partly exhausted as heat Óu at a lower temperature 7¡ (Eig. 1Š5—11). By conservation 
Of energy, €n = W + \. The high and low temperatures, 7¡; and 7¡,, are called 
the operating temperafures of the engine. Note carefully that we are now using a 
new (and Iintuiftive) siøn convention for heat engines: we take Óu, x,, and Was 
always positive. The direction of each energy transfer 1s shown by the arrow on 
the applicable diagram, such as Hg. 15-11. 


Steam Engine and Internal Combustion Engine 


Engines Theoperation oŸa steam engine is shown in Fig. 15—12. Steam engines are oŸtwo main 
types, cach using steam heated by combustion of coal, oil, or gas, or by nuclear energy. 
FIGURE 15-12 (a) Reciprocating type (b) Turbine (boiler and condenser not shown) 


Steam engines. 
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High-pressure steam, 
from boiler at 7h 


High temperature 7H 


Intake valve 
(open during 
expansion) 


Exhaust valve 
(closed during 
eXpansion) 


Low-pressure steam, 


Condenser exhausted to condenser at TỊ, 


(đền 


“ Low (emperature 7T 


In a reciprocating engine, Eig. 15—12a, the heated steam passes through the intake 
valve and expands against a piston, forcing 1t to move. As the piston returns to 
1s Oripinal posifion, 1t forces the øgases out the exhaust valve which opens. A steam 
turbine, Eig. 15—12b, 1s very similar except that the reciprocating piston 1s replaced by 
a rofating turbine that resembles a paddlewheel with many sets of blades. Most of 
our electricity today is generated using steam turbines.” The material that is heated 
and cooled, steam 1n thĩs case, 1s called the working substance. In an old-time steam 
engine (see page 412), the high temperature is obtained by burning coal, oil, or other 
fuel to heat the steam. 

In an Internal combustion engine (used in most automobiles), the high tem- 
perature 1s achieved by burning the gasoline-air mixture in the cylinder 1tself 
(ignited by the spark plug), as described in Fig. 15—13. 


Intake Exhaust Both valves Both valves Both valves 
valve valve elosed closed closed 
(open) (closed) 


Exhaust 
valve 


( (open) 


To exhaust 


P ú : _ 
lalgiP Cylinder x—=—` 
mixture from | TGGm¬ 
carburetor Piston 

° 
Connecting ¬ 
rod 
Ề Ð ) đ3Š 
Crankshaft —: Q@-⁄ 


(a) Intake (b) Compression (c) Ignition (đ) Expansion 
(power stroke) 


FIGURE 15-13 Four-stroke-cycle internal combustion engine: (a) the gasoline-aIr 


mixture flows into the cylinder as the piston moves down; (b) the piston moves upward 


and compresses the gas; (c) the brief instant when firing of the spark plug ignites the 
highly compressed gasoline-air mixture, raising 1t to a hieh temperature; (d) the gases, now 
at hiph temperature and pressure, expand against the pIston 1n this, the power stroke; 


(e) the burned gases are pushed out to the exhaust pipe. When the piston reaches the top, 


the exhaust valve closes and the intake valve opens, and the whole cycle repeats. 
(a), (b), (đ), and (e) are the four strokes of the cycle. 


*Why a AT Is Needed to Drive a Heat Engine 


To see why a femperafure difƒerence 1s required to run an engine, consider a steam 
engine. In the reciprocating engine, for example, suppose there were no con- 
denser or pump (Fig. 1Š5—12a), and that the steam was at the same temperature 
throughout the system. Then the pressure of the gas being exhausted would be 
the same as on Intake. The work done by the gas øn the piston when 1t expanded 
would equal the amount of work done by the piston to force the steam out the 
exhausf; hence, no net work would be done. In a real engine, the exhausted øas 1s 
cooled to a lower temperature and condensed so that the exhaust pressure 1s less 
than the Intake pressure. Thus, the work the piston must do on the gas to expel 1t 
on the exhaust stroke 1s less than the work done by the gas on the piston during 
the intake. So a net amount of work can be obtained—but only 1f there 1s this 
difference of temperature. Similarly, in the gas turbine 1f the gas 1sn't cooled, 
the pressure on each side of the blades would be the same. By cooling the gas on 
the exhaust side, the pressure on the back side of the blade is less and hence the 
turbine turns. 


TEven nuclear power plants utilize steam turbines; the nuclear fuel——uranium—serves as fuel to heat 
the steam. 
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FIGURE 15-11 (Repeated.) 
Schematic diagram of energy 
transfers for a heat engine. 


Efficiency 
The efficieney, e, of any heat engine can be defined as the ratio of the work 1t 
does, W, to the heat input at the high temperature, Óu (Fig. 15-11): 


ca 
Ou 


This 1s a sensible definition since W is the output (what you get from the engine), 
whereas Ởh 1s what you put in and pay for in burned fuel. Since energy 1s con- 
served, the heat input Ó¡; must equal the work done plus the heat that flows out 
at the low temperature (Ó))): 


€ (15-4a) 


Ou = W +. 
Thus W = @¡ — Ó¿,. and the efficiency of an engine 1s 
— W — ©n - Ơi 
On On 
OFr 
ø, 
e = l1— (15-4h) 
Ou 


To give the efficlency as a percent, we multiply Eq. 1Š5—4 by 100. Note that e could 
be 1.0 (or 100%) only 1 Ó, were zero——that 1s, only iƒ no heat were exhausted 
to the environment (which we will see shortly never happens). 


Car efficiency. An automobile engine has an efficiency of 
20% and produces an average of 23,000 J of mechanical work per second during 
operation. (2) How much heat input is required, and (5) how much heat Is 
discharged as waste heat from this engine, per second? 


APPROACH We want to find the heat input ụ; as well as the heat output Óy., 
given W = 23,000 J each second and an efficlency e = 0.20. We can use the def- 
1nitlon of efficiency, Eq. 15—4 In 1s various forms, to find first Ó„; and then Œ;.. 


SOLUTION (2) Erom Edq.15-4a, e = W/Ơu, we solve for Óụ: 
W 23,000 J 
e 020 

= 1.15 X 101] = 115k. 


The engine requires 115 kJ/s = 115 kW of heat input. 
(b) Now we use Eq. 15—-4b (e =1— Ou/Ơn) and solve for Ó\: 


Cu = 


Ọx 
= I — 
Ou í 
SƠ 
ÓO¿, = (1— e)Ou = (0.80)115k] 


= 92kJỊ. 


The engine discharges heat to the environment at a rate of 92 kJ/s = 92kW. 
NOTE Of the 115 k] that enters the engine per second, only 23 kJ] (20%) does 
useful work whereas 92 kJ (80%) is wasted as heat ouftput. 


NOTE The problem was sfated in terms of energy per unit time. We could just 
as well have sfated ït in terms of power, since 1 J/s = 1 watt. 


Carnot Engine 


To see how to increase efficiency, the French scientist Sadi Carnot (1796-1832) 
examined the characteristics of an ideal engine, now called a Carnot engine. No 
Carnot engine actually exisfs, but as a theoretical idea 1t played an important role 
1n the development and understanding of the second law of thermodynamics. 
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q) 
a—=>b 
Isothermal 
eXpansion 


(4) (2) 
d—>a b>c 
Adiabatic Adiabatic 
compression eXpansion 


FIGURE 15-14 The Carnot cycle. Heat engines work in 

a cycle, and the cycle for the theoretical Carnot engine 
Isothermal begins at point “a” on this PW diagram for an ideal gas. 
compression (1) The gas ïs first expanded isothermally, with the addition 
Of heat Óu, along the path “ab” at temperature Tạ. 
(2) Next the gas expands adiabatically from “b” to “c 
no heat is exchanged, but the temperature drops to 7¡.. 

(3) The gas is then compressed at constant temperature 7¡, 
path cd, and heat Ở¿ flows out. (4) Finally, the gas 1s 
compressed adiabatically, path da, back to 1ts original state. 


» 


The Idealized Carnot engine consisted of four processes done 1n a cycle, twO 
of which are adiabatic (@ = 0) and two are isothermal (A7' = 0). This idealized 
cycle 1s shown in Fig. 15-14. Each of the processes was considered to be done 
reversibly. That 1s, each of the processes (say, during expansion of the gases 
againsf a piston) was done so slowly that the process could be considered a series 
of equilibrium states, and the whole process could be done in reverse with no 
change In the magnitude of work done or heat exchanged. A real process, on the 
other hand, would occur more quickly; there would be turbulence 1n the øas, Íric- 
tion would be present, and so on. Because of these factors, a real process cannot 
be done precisely 1n reverse—the turbulence would be different and the heat lost 
to friction would not reverse 1fself. ' Thus, real processes are irreversible. 

The 1sothermal processes of a Carnot engine, where heats Cu and \, are 
transferred, are assumed to be done at constant temperatures 7¡; and 7¡,. That 1s, 
the system 1s assumed to be in contact with idealized heaf reseruoirs (page 414) 
which are so large their temperatures don't change significantly when u and ỚL 
are fransferred. 

Carnot showed that for an ideal reversible engine, the heats u and 
are proportfional to the operating temperatures 7¡¡ and 7¡ (in kelvins): 
Ou/ÓL = Th/Tr.. So the efficiency can be wriften as 


TH ĐỊ. đỊ,. & (ideal) 


đqca —” Thị ! Th efficilency 


Equation 15—5 expresses the fundamental upper limit to the efficiency of any heat 
engine. A higher efficiency would violate the second law of thermodynamics. 
Real engines always have an efficiency lower than this because of losses due to 
friction and the like. Real engines that are well designed reach 60 to 80% of the 
Carnot efficiency. 


| (15-5) 


TTf an engine had a higher efficiency than Eq. 15-5, it could be used in conjunction with a Carnot 
engine that is made to work in reverse as a refrigerator. If W was the same for both, the net result 
would be a flow of heat at a low temperature to a hiph temperature without work being done. That 
would violate the Clausius statement of the second law. 
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EXAMPLE 15-9 | Steam engine efficiency. A steam engine operates 
between 500°C and 270°C. What 1s the maximum possible efficlency of this 
engine? 


APPROACH The maximum possible efficiency 1s the Idealized Carnot efficiency, 
Eq. 15-5. We must use kelvin temperatures. 


SOLUTIONE We first change the temperature to kelvins by adding 273 to the 
øIven Celsius temperatures: 7; = 773K and 7¡ = 543K. Then 


Cideal i1 ——— = 0430. 


To get the efficiency In percent, we multiply by 100. Thus, the maximum (or 
Carnot) efficiency 1s 30%. Realistically, an engine mipht attain 0.70 of this value, 
or 21%. 

NOTE In this Example the exhaust temperature 1s still rather hiph, 270°C. 
Steam engines are offen arranged In series so that the exhaust of one engine 1s 
used as Intake by a second or third engine. 


EXAMPLE 15-10 | A phony claim? An engine manufacturer makes the 
following claims: An engine”s heat input per second 1s 9.0 kJ at 435 K. The heat 
output per second 1s 4.0 kJ at 285 K. Do you believe these claims? 


APPROACH The engine's efficiency can be calculated from the definition, 
Eq. 15-4. It must be less than the maximum possIble, Eq. 15—5. 


SOLUTION The claimed efficiency of the engine is (Eq. 15-4b) 
On — L 


1" =.. 
Ơu 
9.0kJ — 4.0 kJ 


9.0 kJ 


= 0.56, 


or 56%. The maximum possible efficiency is given by the Carnot efficlency, 
Eq. 15-5: 


TH — Jị, 
Cdeal  —  —~ 
Th 


435K - 285K 
435K 


= 0.34, 


or 34%. The manufacturer”s claims violate the second law of thermodynamics 
and cannot be believed. 


EXERCISE D A motor ¡s running with an intake temperature 7h = 400K and an 
exhaust temperature 7¡ = 300K. Which of the following are møí possible efficiencies for 
the engine? (z) 0.10; (5) 0.16; (c) 0.24; (đ) 0.30; (e) 0.33. 


We can see from Edq. 15-5 that at normal temperatures, a 100% efficlent 
engine 1s not possible. Only 1f the exhaust temperature, 7, were at absolute zero 
would 100% efficiency be reachable. But getting to absolute zero 1s a practical (as 


FIGURE 15-15 Diagram of an well as theoretical) impossibility. [Careful experimentation suggesfs that abso- 
Impossible perfect heat engine in which _ Iute zero is unattainable. This result is known as the third law of thermodynamics.] 
all heat input is used to do work. Because no engine can be 100% efficient, it can be stated that 
SECOND LAW OF THERMODYNAMICS no deyice ïs possible whose sole effecf is to transform a given amount of heaf 
(Keluin-Planck statememt) complefely in(o work. 


Thịs 1s known as the Kelvin-Planck statement of the second law of thermodynamics. 
Figure 15—15 diagrams the ideal perfect heat engine, which can not exIst. 
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TỶ the second law were not true, so that a perfect engine could be buIilt, rather 
remarkable things could happen. For example, 1f the engine of a ship did not 
need a low-temperature reservoir to exhaust heat into, the ship could sail across 
the ocean using the vast resources of the Iinternal energy of the ocean water. 
Indeed, we would have no fuel problems at all 


EXERCISE E Return to the Chapter-Opening Question, page 412, and answer it again 
now. Try to explain why you may have answered differently the first time. 


15-6 Refrigerators, Air Conditioners, 
and Heat Pumps 


The operating principle oŸ refrigerators, air condifioners, and heat pumps 1s Jusf 
the reverse of a heat engine. Each operates to transfer heat of of a cool environ- 
ment Info a warm environment. As diagrammed mm Fig. 15—16, by doïing work W, 
heat is taken from a low-temperature region, 7¡ (such as Inside a refrigerafor), 
and a preater amount of heat 1s exhausted at a high temperature, 7¡¡ (the room). 
Heat Ó; 1s removed from cooling colls /side the refrigerator and heat Óh 1s øgiven 
Off by colls ou£siđde the rear of the refrigerator, Eig. 1Š—17. You can often feel this 
heated air coming out beneath the refrigerator. The work W 1s usually done by 
an electric motor which compresses a fluid, as ¡illustrated in Fig. 15-17. (We 
assume Ở;, ¡;, and W are all positive, as in Section 15-5.) 


-> 
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High pressure 
VADOT 


(b) 


Compressor 
mOtOT 


» Plug 


A perfect refrigerafor——one 1n which no work 1s required to take heat from the 
low-temperature region to the high-temperature region——1s not possible. This 1s 
the Clausius s(atemenf of the second law of thermodynamics, already mentioned 
1n Section 15-4: 1t can be stated formally as 


no device is possible whose sole effect is to transfer heaf from one sys(em af a 
temperafure 7 info a second sysfem af a higher temperature ?¡¡. 


To make heat flow from a low-temperature object (or system) to one at a hipher 
temperature, work must be done. Thus, £here can be no perƒ€ct re[Tigerdlor. 


FIGURE 15-16 Schematic diasram 
Of energy transfers for a refrigerator 
or air conditioner (AC). 


FIGURE 15-17 (a) Typical 
refrigerafor system. The electric 
compressor mofor forces a øas at 
hiph pressure throuph a heat 
exchanger (condenser) on the rear 
ouiside wall of the refrigerator, 
where h 1s gIven off and the øas 
cools to become liquid. The liquid 
passes from a high-pressure region, 
via a valve, to low-pressure tubes on 
the /mside walls of the refrigerator; 
the liquid evaporates at this lower 
pressure and thus absorbs heat (Ó.) 
from the inside of the refripgeratOr. 
The fluid returns to the compressor, 
where the cycle begins agaIn. 

(b) Schematic diagram, like 

Fig. 15-16. 


đÒpHvysics APPLIED 
Refrigerator 


SECOND LAW OF THE,RMODYNAMICS 


(Clausius statemenf) 
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FIGURE 15-16 (Repeated.) 
Schematic diagram of energy 
transfers for a refrlgerafOT OT aIr 
conditioner (AC). 


€@ÒpHvysics APPLIED 
Air condilioner 


FIGURE 15-18 A heat pump uses 
an electric motor to “pump” heat 
from the cold outside to the warm 
1nside of a house. 


€@Òpnvsics APPLIED 
Heat pump 


The coefficient of performance (COP) of a refrigeraftor ¡is defined as the 
heat ¡, removed from the low-temperature area (inside a refripgerator) divided 
by the work W done to remove the heat (Fig. 15—16): 


COP = 


LẠ refripgerator and 
alr conditioner 


| (15-6a) 


We use Ớ¡, because 1f 1s the heat removed from 1nside that mafters from a practical 
pomt of view. This makes sense because the more heat Ớ\, that can be removed 
from inside the refripgerator for a gIven amount of work, the better (more efficienf) 
the refrigerator 1s. Energy 1s conserved, so from the first law of thermodynamics we 
can write Ó¡, + W = uw, or W =Óh — Ó/¿ (see Eig. 15-16). Then Eq. 15-6a 
becomes 


_ ƠQ_, - ỌL refrigerator and 
lon ở W .=Ð lự &niiiticrier. l|: VU TU) 


For an ideal refrigerator (not a perfect one, which 1s impossible), the best we could 
do would be 


COPjjs„j = Tụ .. and 


Th; — N a1r condifloner 


| (15-6c) 


analagous to an ideal (Carnot) engine (Eq. 15—5). 

An aïr condifioner works very much like a refrigerator, although the actual 
construction details are different: an air conditioner takes heat Œ¡, from Inside a 
room or building at a low temperature, and deposits heat Ó;; outside to the envi- 
ronment at a higher temperature. Equations 15—6 also describe the coefficlent of 
performance for an aIr conditioner. 


EXAMPLE 15-11 | Making ice. A freezer has a COP of 2.8 and uses 200 waftfs 
of power. How long would it take to Íreeze an ice-cube tray that contains 600 g 
of water at 0°C? 

APPROACH In Edq. 15-6b, Ó; ¡s the heat that must be transferred out of the 
water so 1t wIll become Ice. To determine Ó;, , we use the latent heat of fusion 
of water and Eq. 14-4, Q = ”mL. 
SOLUTION From Table 14-3, L = 333 k]/kg for water. Hence 

ÓL = mL = (0.600kg)(3.33 x 107J/kg) = 2.0 x 1051 
1s the total energy that needs to be removed from the water. The freezer does 
WOrk at the rate of 200 watts = 200 J/s = W/¡, which ¡is the work W ¡t can do in 
f seconds. We solve for í: ? = W/(2001/s). For W, we can also use Eq. 15-6b;: 
W = O@,/COP. Thus 


c_ —W_ _ OựCOP 
2001/s  2001/s 
2.0 x 1051 
= = 360 
(28)2001/8) Ð TS 


or about 6 min. 


Heat naturally flows from high temperature to low temperature. Refrigera- 
tors and aIr conditioners do work to accomplish the opposite: to make heat flow 
from cold to hot. We might say they “pump” heat from cold areas to hofter areas, 
against the natural tendency of heat to flow from hot to cold, Just as water can 
be pumped uphill, against the natural tendency to flow downhill. The term 
heaf pump 1s usually reserved for a device that can heat a house In winter by using 
an electrie motor that does work W to take heat Œ¡, from the outside at low tem- 
perature and delivers heat €ụ to the warmer 1nside of the house; see Fig. 15—18. 
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As 1n a refriperator, there 1s an ndoor and an outdoor heat exchanger (coils of the 
refriperator) and an electric compressor motor. The operating principle ¡1s like 
that for a refrlgerator or air condifioner; but the obJectfive of a heat pump 1s to heat 
(deliver ¿;), rather than to cool (remove ¡ ). Thus, the coefficient of performance 
of a heat pump 1s defined differently than for an aIr conditioner because 1t 1s the 
heat Óu delivered to the Inside of the house that 1s Important now: 


COP = m [heat pump| (15-7) 


The COP 1s necessarily greater than 1. Typical heat pumps today have COP + 2.5 
to 3. Most heat pumps can be “turned around” and used as air condifIoners In the 
summer. 


Heat pump. A heat pump has a coefficient of performance 
of 3.0 and 1s rated to do work at 1500 watts. (2) How much heat can it add to a 
room per second? (b) If the heat pump were turned around to act as an aIr condi- 
tioner In the summer, what would you expect 1ts coefficilent of performance to 
be, assuming all else stays the same? 


APPROACH We use the definitions of coefficlent of performance, which are 
different for the two devices In (2) and (0). 


SOLUTION (az) We use Edq. 15-7 for the heat pump, and, since our device does 
1500 J of work per second, 1t can pour heat info the room at a rate of 
Óu = COPxW = 3.0x 1500] = 45001 


per second, or at a rate of 4500 W. [~4 Btu/s.] 
(b) IÝ our device 1s turned around In summer, 1t can take heat Ó; from inside the 
house, doïng 1500 J of work per second to then dump @¡ = 45001] per second 
to the hot outside. Energy 1s conserved, so Ó;¡ + W = ụ (see Eig. 15—18, but 
reverse the inside and outside of the house). Then 
Ó, = Ou_— W = 45001] — 1500J = 30001. 
The coefficient of performance as an air conditioner would thus be (Eq. 15—6a) 
ỌL 3000 J 
P "¬ — =— 
Su W 15001 


NOTE The coefficients of performance are defined differently for heat pumps 
and air conditioners. 


2.0. 


EXERCISE F The heat pump of Example 15—12 uses 1500 W of electric power to deliver 
4500W of heat. Does this sound like we re getting something for nothing? (2) Explain 
why we aren't. (b) Compare to the refrigerator of Example 15—11: the motor uses 200 W 
to extract how much heat? 


A good heat pump can sometimes be a money saver and an energy saver, 
depending on the cost of the unit and installation, etc. Compare, for example, 
our heat pump in Example 15-12 to, say, a 1500-W electric heater. We plug the 
heater imnto the wall, it draws 1500 W of electricify, and 1t delivers 1500 W of heat to 
the room. Our heat pump when plugsged Into the wall also draws 1500 W of elec- 
tricity (which is what we pay for), but it delivers 4500 W of heat! 


*SEER Rating 


Cooling devices such as refrigerators and aIr conditioners are often g1ven a rating 
known as SEER (Seasonal Energy Efficiency Ratio), which 1s defined as 


SIEE, (heat removed in Btu) 
_ (electricalinputin watt-hours) : 


as measured by averaging over varying (seasonal) conditions. The definition of the 
SEER is basically the same as the COP except for the (unfortunate) mixed units. 
Given that 1 Btu = 1056 J (see Section 14—1 and Problem 5 1n Chapter 14), then a 
SEER = 1 saCOP equalto (1 Btu/1 W-h) = (1056 ]J)/(1J/s x 3600s) = 0.29. 
A COP = 1 isa SEER = 1/0.29 = 3.4. 


@©cAurion 
Heat pumps and air conditioners 
haue difƒferent COP definitions 


đÒPpnvysics APPLIED 
SEEN rating 
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15_—Z Entropy and the Second Law 
of Thermodynamics 


Thus far we have stated the second law of thermodynamies for specIfic situations. 
'What we really need 1s a general statement of the second law of thermodynamics 
that wIll cover all situations, Iincluding processes discussed earlier in this Chapter 
that are not observed In nature even though they would not violate the first law of 
thermodynamiœs. It was not until the latter half of the nineteenth century that the 
second law of thermodynamics was finally stated In a general way——namely, im 
terms of a quantity called entropy, introduced by Clausius in the 1860s. Entropy, 
unlike heat, 1s a function of the state of a system. That 1s, a system 1m a ø1ven sfate 
has a temperature, a volume, a pressure, a mass, and also has a particular value 
Of entropy. In the next Section, we wiÏll see that entropy can be Interpreted as a 
measure of the order or disorder of a system. 

When we deal with entropy—as with potential energy—If 1s the change 1n 
enfropy during a process that 1s Important, not the absolute amount. According 
to Clausius, the change 1n entropy 3Š of a system, when an amount of heat 1s 
added to it by a reversibleÏ process at constant temperature, is øiven by 


Q 
AS= Š. 15-8 
T ( ) 
where 7 is the kelvin temperature. (If heat ¡s lost, Ó is negative in this equation, 


aS per our oripinal sien conventions on page 413.) 


Entropy change in melting. An ¡ce cube of mass 56 ø is 
taken from a storage compartment at 0°C and placed in a paper cup. After a few 
minutes, exactly half of the mass of the 1ce cube has melted, becoming water at 
Ú°C. Eind the change In entropy of the Ice/water. 
APPROACH We consider the 56 g of water, Initially in the form OoÝ Ice, as Our 
system. To determine the entropy change, we first must find the heat needed to 
melt the ice, which we do using the latent heat of fusion of water, L = 333 k]/kg 
(Section 14-5). The heat Ó required comes from the surroundings. 
SOLUTION The heat required to melt 28 g of ice (half of the 56-g Ice cube) 1s 

Ø@ = mL = (0.028kg)(333k]/kg) = 943K]. 
The temperature remains constanf In our process, so we can find the change in 
entropy from Eq. 15-8: 

l6) 9.3 kJ 

AS T 273K 341/K. 

NOTE The change in entropy of the surroundinss (cup, air) has not been computed. 


The temperature in Example 15—13 was consfant, so the calculation was short. 
Tf the temperature varies during a process, a summation of the heat flow over the 
changing temperature can often be calculated using calculus or a computer. How- 
ever, 1ƒ the temperature change 1s not too øreat, a reasonable approximation can be 
made using the average value of the temperature, as Indicated In the next Example. 


EXAMPLE 15-14 | ESTIMATE | Entropy change when water samples are 
mixed. A sample of 50.0 kg of water at 20.00°C 1s mixed with 50.0 kg of water 


at 24.00°C. Estimate the change in entropy. 


APPROACH The final temperature of the mixture will be 22.00°C, since we 
started with equal amounts of water. We use the specific heat of water and 
the methods of calorimetry (Sectons 14-3 and 14-4) to determine the heat 
transferred. Then we use the average temperature of each sample of water to 
estimate the entropy change (AØ/7). 


TReal processes are irreversible. Because entropy is a state variable, the change in entropy A35 for an 
1rreversible process can be determined by calculating AŠ for a reversible process between the same 
two states. 
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SOLUTION A quantity of heat, 
Ø = meAT = (50.0kg)(4186J/kg-C°)(2.00C°) = 4.186 x 1051, 


flows out of the hot water as 1t ecools down from 24°C to 22°C, and this heat fows 
1nfo the cold water as 1t warms from 20°C to 22°C. The total change in entropy, 
AS, wIll be the sum of the changes In entropy of the hot water, AS1;, and that 
of the cold water, ASc: 


We estimate entropy changes by writing AS = @/7T¡y, where 7av is an “averaee” 
temperature for each process, which ought to g1ve a reasonable estimate since 
the temperature change 1s small. For the hot water we use an average tempera- 
ture of 23°C (296 K), and for the cold water an average temperature of 21°C 
(294 K). Thus 


4.186 x 10`J 
29K 
which Is negative because this heat flows out (sign conventions, page 413), 

whereas heat 1s added to the cold water: 


4.186 x 105J 
AS%c“ — g— — 14241/K. 


The entropy of the hot water (.S¡¡) decreases because heat flows out of the hot water. 
But the entropy of the cold water (Sc) increases by a greater amount. The total 
change 1n entropy 1s 


AS = ASu + ASc x -—1414]/K + 14241/K + 101/K. 


ASm = -14141/K 


In Example 15—14, we saw that althouph the entropy of one part of the system 
decreased, the entropy of the other part increased by a greater amount; the net 
change In entropy of the whole system was posifive. This result, which we have 
calculated for a specific case in Example 15-14, has been found to hold mm all 
other cases tested. That is, the total entropy of an 1solated system 1s found to 
1ncrease 1n all natural processes. The second law ofthermodynamics can be sfated 
1n terms of entropy as follows: The entropy oƒ an isolated system neUer decreases. 
lí can only stay the same or increase. Entropy can remamm the same only for an 
Iidealized (reversible) process. For any real process, the change In entropy A$Š 1s 
øreater than zero: 


AS >0. [real process| (15-9) 


Tí the system ¡s not isolated, then the change in entropy of the system, A,5;y;, plus 
the change In entropy of the environment, A .S.ny, must be greater than or equal 
{O Z€TO: 


AS = ASw + AS¿wy > Ú. (15-10) 


Only idealized processes can have AŠ = 0. Real processes always have A,Š > 0. 
Thịs, then, 1s the general staterment oƒthe second lạt oƒthermodyHaHIcs: 


the tofal enfropy of any system plus that of ifs environmenf ïncreases as a 
result of any nafural process. 


Althouph the entropy of one part of the universe may decrease 1n any natural 
process (see Example 15-14), the entropy of some other part of the universe 
always Increases by a preafer amount, so the total entropy always Increases. 

Now that we finally have a quantitative general statement of the second law 
of thermodynamics, we can see that 1t is an unusual law. It differs considerably 
from other laws of physics, which are typically equalities (such as # = ma) or 
conservation laws (such as for enerey and momentum). The second law of ther- 
modynamics Introduces a new quantity, the entropy $, but does not tell us 1t 1s 
conserved. Quite the opposite. Entropy 1s #ø conserved 1n natural processes. 
Entropy always Increases In time for reaÏ processes. 


SECOND LAW OF THERMODYNAMICS 
(general statemenf) 
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SECOND LAW OF THERMODYNAMICS 
(general statemermt) 


€@Òpnvsics APPLIED 
Biological deuelopment 


15-8 Order to Disorder 


The concept of entropy, as we have discussed 1t so far, may seem rather abstract. 
But we can relate 1t to the more ordinary concepts Of order and đisorder. In fact, 
the entropy of a system can be considered a 7easure oƒthe disorder oƒ the system. 
Then the second law of thermodynamics can be stated simply as: 


nafural processes fend to move foward a sfafe of greafer disorder. 


Exactly what we mean by đisorder may not always be clear, so we now consider a 
few examples. Some of these will show us how this very general statement of the 
second law applles beyond what we usually consider as thermodynamics. 

Let us look at the simple processes mentioned in Section 15-4. Flirst, a Jar 
conftaining separate layers of salt and pepper 1s more orderly than a Jar in which the 
salt and pepper are all mixed up. Shaking a Jar containing separate layers results in 
a mixture, and no amount of shaking brings the orderly layers back again. The 
natural process 1s from a state of relative order (layers) to one of relative disorder 
(a mixture), not the reverse. That is, disorder Increases. Second, a solid coffee cup 
1s a more “orderly” and useful obJect than the pieces of a broken cup. Cups break 
when they fall, but they do not spontaneously mend themselves (as faked In 
Eig. 15-10). Again, the normal course of evenfts Is an increase of disorder. 

Let us consider some processes for which we have actually calculated the 
enftropy change, and see that an Increase 1n entropy results In an increase 1n dis- 
order (or vice versa). When ice melts to water at 0°C, the entropy of the water 
Iincreases (Example 15-13). Intuitively, we can think of solid water, Ice, as being 
more ordered than the less orderly fluid state which can flow all over the place. 
Thịs change from order to disorder can be seen more clearly from the molecular 
pomt of view: the orderly arrangement of water molecules In an Ice crystal has 
changed to the disorderly and somewhat random mofion of the molecules in the 
fluid state. 

'When a hot substance 1s put1n contact with a cold substance, heat flows from the hiph 
temperature to the low until the two substances reach the same Intermediate tempera- 
ture. Entropy 1ncreases, as we saw 1n Example 15—14. At the beginning of the process 
we can distinguish two classes of molecules: those with a hiph average kinetic energøy 
(the hot object), and those with a low average kinetic enerøy (the cooler object). After 
the process 1n which heat flows, all the molecules are in one class with the same averaøe 
kimetic energy; we no longer have the more orderly arrangement of molecules in two 
classes. Order has gone to disorder. FEurthermore, the separate hot and cold obJects 
could serve as the hot- and cold-temperature regions of a heat engine, and thus 
could be used to obtain useful work. But once the two objecfs are put 1n confact and 
reach the same temperature, no work can be obtained. Disorder has Increased, 
because a system that has the ability to perform work must surely be considered to 
have a higher order than a system no longer able to do wOork. 

'When a stone falls to the ground, 1ts macroscopic kinetic energy 1s transformed 
to thermal energy. (We noted earlier that the reverse never happens: a stone never 
absorbs thermal energy and rises Into the air of 1fs own accord.) This is another 
example of order changing to disorder. Thermal energy 1s associated with the 
đisorderly random motion of molecules, but the molecules In the falling stone all 
have the same velocity downward 1n addition to ther own random velocifies. 
Thus, the more orderly kinetic energy of the stone as a whole (which could do useful 
work) Is changed to disordered thermal enerey when the stone strikes the øround. 
Disorder Increases 1n this process, as 1t does 1n all processes that Occur 1n nafure. 


Biological Development 


An Interesting example of the Increase 1n entropy relates to the biological devel- 
opment and growth of organisms. Clearly, a human being 1s a highly ordered 
Organism. The development of an Individual from a single celÏ to a grown person 
1S a DrOCesS OŸ1ncreasing order. Evolution too might be seen as an Increase 1n order. 
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Do these processes violate the second law of thermodynamics? No, they do not. 
In the processes of growth and evolution, and even durimg the mature life of 
an mndividual, waste products are eliminated. These small molecules that remain as 
a result of metabolism are simple molecules without much order. Thus they repre- 
sent relatively higher disorder or enftropy. Indeed, the total entropy of the molecules 
cast aside by organisms during the processes of development and growth 1s øreater 
than the decrease In entropy associated with the order of the growing 1ndividual 
OT ©voÏving SpeciIes. 


“Times Arrow“” 


Another aspect of the second law of thermodynamics 1s that 1t tells us in which 
direcfion processes go. IÝ you were to see a film being run backward, you would 
undoubtedly be able to tell that 1t 20s run backward. For you would see odd 
OCcurrences, such as a broken coffee cup rising from the floor and reassembling 
on a table, or a torn balloon suddenly becoming whole again and filled with atr. 
We know these things don”t happen 1n real life; they are processes In which order 
1ncreases—or enfropy decreases. They violate the second law of thermodynam- 
1cs. When watching a movie (or Iimagining that time could go backward), we are 
tipped off to a reversal of time by observineg whether entropy (and disorder) is 
Increasing or decreasing. Hence, entropy has been called time? arrow, because 1t can 
tell us in which direction time 1s øOIng. 


15-9 Unavailability of Energy; 
Heat Death 


In the process of heat conduction from a hot object to a cold one, we have seen 
that entropy Increases and that order øgoes to disorder. The separate hot and cold 
objects could serve as the high- and low-temperature reglons for a heat engine 
and thus could be used to obtain useful work. But after the two obJects are put in 
contact with each other and reach the same uniform temperature, no work can be 
obtained from them. With regard to being able to do useful work, order has gone 
to đisorder 1n this process. 

The same can be said about a falling rock that comes to rest upon striking the 
ground. Before hitting the ground, all the kinetic energy of the rock could have 
been used to do useful work. But once the rock's mechanical kinetic energy 
becomes thermal energy, doïng useful work 1s no longer possIble. 

Both these examples 1llustrate another Important aspect of the second law of 
thermodynamIcs: 


in any nafural process, some energy becomes unavailable to do useful work. 


In any process, no enerey 1s ever lost (it 1s always conserved). Rather, enerey becomes 
less useful——It can do less useful work. As time goes on, energy is degraded, in a 
sense. It goes from more orderly forms (such as mechanical) eventually to the 
least orderly form: Internal, or thermal, energy. Entropy 1s a factor here because 
the amount of energy that becomes unavailable to do work 1s proportional to the 
change 1n entropy during any prOCeSs. 

A natural outcome of the degradation of energy 1s the prediction that as time 
goes on, the universe should approach a state of maxImum disorder. Matter would 
become a uniform mixture, and heat would have flowed from high-temperature 
TegIons fo low-femperature regions until the whole universe 1s at one temperature. 
NÑo work could then be done. All the energy ofthe universe would have degraded 
to thermail energy. This prediction, called the heat death of the universe, has been 
much discussed, but it would lie øery far in the future. It is a complicated subJect, 
and some sclentists question whether thermodynamics, as we now understand 1t, 
actually applies to the universe as a whole, which is at a much larger scale. 

TWhen a star, like our Sun, loses energy by radiation, it becomes øfer (not cooler). By losing energy, 
gravity 1s able to compress the gas of which the Sun is made——becoming smaller and denser means 


the Sun gets hotter. For astronomical objects, when heat flows from a hot object to a cooler object, 
the hot object gets hotter and the cool one cooler. That is, the temperature difference ¿creases. 
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*15_—10 Statistical Interpretation of 
Entropy and the Second Law 


The 1deas of entropy and disorder are made clearer with the use oŸ a statistical or 
probabilistic analysis of the molecular state of a system. Thĩs statistical approach, 
which was first applied toward the end of the nineteenth century by Ludwig 
Boltzmamn (1844-1906), makes a clear distinction between the “macrostate” and 
the “microstate” of a system. The microsfafe of a system would be specified by 
giving the position and velocity of every particle (or molecule). The macrosfafe 
Of a sysftem 1s specified by giving the far fewer macroscopic properties of the 
system——the temperature, pressure, number of moles, and so on. In reality, we 
can know only the macrostate of a system. There are generally far too many mol- 
ecules In a system to be able to know the velocity and position oŸ every one at a 
gIven moment. Nonetheless, we can hypothes1ze a great many different micro- 
states that can correspond to the sze macrosfate. 

Let us take a very simple example. Suppose you repeatedly shake four coIns 
in your hand and drop them on a table. Specifying the øznber of heads and the 
number of tails that appear on a given throw 1s the 7+øcrosíafe oŸ this system. 
Specifying cách coin as being a head or a tail 1s the 7crosfafe of the system. In 
the following Table we see how many microsfates correspond to each macrosfate: 


Possible Microstates Number of 
Macrosfate (H = heads, T = tails) Microstates 
4 heads HHHH † 
3heads,1tal HHHT, HHTH, HTẢHH THHH 4 
2heads,2tails HHTT HTHT, THHĨT, HTTH, THTH TTHH ó6 
1head,3tails  TTTH, TYHT, THTT, HTTT 4 
4 tails TTITT1 J 

‹$® CAUTION A basic assumption behind the statistical approach 1s that each rmicrosfafe is 


Careful se oƒprobabiliy  equally probable. Thus the number of microstates that g1ve the same macrostate 
corresponds to the relative probability of that macrosfate occurring. The macrostate 
of two heads and two tails 1s the most probable one 1n our case OŸ fossing Íour coIns; 
out Of the total of 16 possible microsfates, six correspond to two heads and two taIls, 
so the probability of throwing two heads and two tails 1s 6 out of 16, or 38%. The 
probability of throwing one head and three tails is 4 out of 16, or 25%. The prob- 
ability of four heads is only 1 in 16, or 6%. IÝ you threw the coïns 16 times, you 
mmpht not find that two heads and two tails appear exactly 6 times, or four talls 
exactly once. These are only probabilitles or averages. But 1Ÿ you made 1600 throws, 
very nearly 38% of them would be two heads and two tails. The øreater the number 
O tries, the closer the percentages are to the calculated probabilities. 


EXERCISE G In the Table above, what is the probability that there will be at least two 
heads? (2); (Ð) 1g; (€) s; (đ) š; (€) 1ø 


TỶ we foss more coIns——say, 100 all at the same time——the relative probability 
of throwing all heads (or all tails) is øreatly reduced. There ¡s only one microstate 
corresponding to all heads. For 99 heads and 1 tail, there are 100 microstafes 
because each of the coins could be the one tail. The relative probabilitles for other 
macrostates are given in Table 15-3 (top of next page). About 1.3 x 10 
microstates are possible.' Thus the relative probability of finding all heads ¡s 
about 1 in 10”, an incredibly unlikely event! The probability of obtaining 50 heads 
and 50 tails (see Table 15-3) ¡is (1.0 x 10”)/(1.3 x 10) = 0.08 or 8%. The 
probability of obtaining anything between 45 and 5Š heads is about 70%. 


ÏEach coin has two possibilities, heads or tails Then the possible number of microstates is 
2*2x2x--:= 2! = 1,3 x 10” (using a caleulator or logarithms). 
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TABLE 15-3 Probabilities of Various Miacrostates 
for 100 Coin Tosses 


Macrostate 
Number of 
Heads Tails Microstates Probability 
100 0 1 7.9 x 1073! 
099 1 1.0 x 107 7.9 < 107” 
90 10 1⁄7 x 1018 1.4 x 10 
80 20 5.4 x 109 4.2 x 10719 
60 40 1.4 x 108 0.011 
55 45 6.1 x 108 0.047 
50 50 1.0 x 102 0.077 
45 55 6.1 x 108 0.047 
40 60 1.4 x 108 0.011 
20 80 5.4 x 109 4.2 x 10710 
10 90 1⁄7 x 1018 1.44 x 10 
1 99 1.0 x 102 7.9 < 107” 
100 1 7.9 x 1073! 


Thus we see that as the number oÝ coins Increases, the probability of obtaining 
the most orderly arraneement (all heads or all tails) becomes extremely unlikely. 
The least orderly arraneement (half heads, half tails) 1s the most probable, and the 
probability of being within, say, 5% of the most probable arrangement greatly 
1ncreases as the number of coins Increases. These same 1deas can be applied to the 
molecules of a system. For example, the most probable state of a øas (say, the 
aIr In a room) 1s one in which the molecules take up the whole space and move 
about randomly; this corresponds to the Maxwellian distribution, Eig. 15—19a 
(and see Section 13-10). On the other hand, the very orderly arrangement of 
all the molecules located In one corner of the room and all moving with the same 
velocity (Fig. 1Š5—19b) 1s extremely unlikely. 

From these examples, we can see that probability 1s directly related to disorder 
and hence to entropy. That 1s, the most probable state 1s the one with greatest 
enftropy, or øreatest disorder and randomness. The processes we actually observe 
are those where the enfropy Increase 1s øTreafest. 

In terms of probability, the second law of thermodynamics—which tells us 
that entropy Increases In any process—reduces to the statement that those 
processes occur which are most probable. 

There 1s an additional element, however. The second law 1n terms of prob- 
abilfy does not ƒorbid a decrease In entropy. Rather, it says the probability 
1S extremely low. It 1s not impossible that salt and pepper could separate 
sponfaneously into layers, or that a broken cup could mend itself (Hg. 15-10). It is 
even possible that a lake could freeze over on a hot summer day (that is, for heat 
to flow out of the cold lake into the warmer surroundinss). But the probability for 
such events occurring 1s almost always miniscule. In our coin examples, we saw 
that mmcreasing the number of coins from 4 to 100 drastically reduced the proba- 
bility of large deviations from the average, or most probable, arrangement. In 
ordinary systems we are not dealing with only 100 molecules, but with extremely 
large numbers of molecules: in 1 mole alone there are 6 < 10”molecules. Hence 
the probability of deviation far from the average 1s Incredibly tiny. For example, 1t 
has been calculated that the probability that a stone resting on the ground could 
transform 1 cal of thermal energy Iinto mechanical energy and rise up 1nto the a1r 
1s much less likely than the probability that a group of monkeys typing randomly 
would by chance produce the complete works of Shakespeare. Put another way, 
the probability 1s less than once 1n the entire age of the universe; this could be what 
“never” means. 
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FIGURE 15-19 (a) Most probable 
distribution of molecular speeds 

in a gas (Maxwellian, or random). 
(b) Orderly, but hiphly unlikely, 
distribution of speeds in which all 
molecules have nearly the same speed. 
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FIGURE 15-20 (a) A fossil-fuel steam plant (this one uses forest waste products = biomass). 
(b) An array of mirrors focuses sunlight on a boiler to produce steam at a solar energy Installation. 
(c) Large cooling towers at an electric generating plant. 


FIGURE 15-21 Mechanical energy 
1S transformed to electric energy 
with a turbine and øeneratOor. 


Source of energy: 
water, steam, wind 


Electric 
generaftor 


Turbine 


Electric 
energy 


@ÒPHvsics APPLIED 


Heat engines and thermal pollution 


*15_—11 Thermal Pollution, Global 


Warming, and Energy Resources 


Much of the energy we use in everyday life——from motor vehicles to most of the elec- 
tricity produced by power plants—uses a heat engine. More than § of the electric 
energy produced ïn the U.S. is generated at fossil-fuel steam plants (coal, oil, Or øas—— 
see Hig. 15-20a), and they make use of a heat engine (steam engines). In electric 
power plants, the steam drives the turbines and generators (Eig. 15-21) whose oufput 
1S elec(ric energy. The various means to turn the turbine are shown 1n Table 15-4, 
along with some of the advantages and disadvantages of each. Even nuclear power 
planfs use a steam engine, run on nuclear fuel. Electricity produced by falling water 
at dams, by windmills, or by solar cells (Fig. 15-20b) does not involve a heat 
engine. 

The heat output Ớx from every heat engine, from power planfs tO cars, 1s 
referred to as thermal pollution because this heat (Qx) must be absorbed by the 
environment—such as by water from rivers or lakes, or by the air using large cooling 
towers (Fig. 15-20c). When water 1s the coolant, this heat raises the temperature of 
the water before returning 1f to 1s source, altering the natural ecology of aquatic life 
(largely because warmer water holds less oxygen). In the case oŸ air cooling tOwers, 
the output heat L raises the temperature of the atmosphere, which affects 
weather. 

Air polluftion——by which we mean the chemicals released im the burning of fossil 
fuels In cars, power planfs, and industrial furnaces——g1ves rise to smog and other 
problems. Another issue 1s the buildup of CO; in the Earth”s atmosphere due to the 
burning of fossil fuels; the carbon in them combines with O; of the air, forming CO;. 
This CO; absorbs some of the Infrared radiation that the Earth naturally emits 
(Section 14-8), and thus contributes to global warming. The carbon foofprint of 
any activity (home appliances, steel production, manufacture of goods, transporfation) 
refers to the negative impact on the environment due to the burning of fossil fuels 
which release CO; (and other noxious products) Into the atmosphere, contributing 
to climate change. A carbon footprint can be expressed In kg or tons of carbon 
(in the CO;). Limiting the burning of fossil fuels can help reduce these problems. 

Thermail pollution, however, is unavoidable. Engineers can try to design and 
build engines that are more efficient, but they cannot surpass the Carnot efficiency 
and must live with 7; being at best the ambient temperature of water or air. The 
second law of thermodynamics tells us the limit imposed by nature. Even alterna- 
tive energy sources like wind and solar cells can contribute to global warming 
(windmills slow down cooling winds, solar cells are “dark” and absorb more of the 
Iincident energy). What we can do, in light of the second law of thermodynamics, Is 
use less energy and conserve our fuel resources. There 1s no other solution. 
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TABLE 15-4 Electric Energy Resources 


% of Production (approx.) 
Form of Electric 
Energy Producfion World Advantages Disadvantages 
Fossil-fuel steam planfs: burn coal, 66 W©e know how to build them; for — Air pollution; thermal pollution; 
oïil, or natural øas to boIl water, now relatively InexpensIve. limited efficiency; land 
producing high-pressure steam that devasftation from extraction of 
turns a turbine of a generator raw materials (mining); global 
(Eigs. 15—12b, 15-21); uses heat warming; accidents such as oIl 
engine. spHlls at sea; limited fuel supply 
(estimates range from a couple 
of decades to a few centuries). 
Nuclear energy: 
Eission: nuclei of uranium or 17 Normally Thermal pollution; accidenfs can 
plutonium atoms split (“fission”) almost no aIr release damaging radioactIVIty; 
with release of enersy (Chapter 31) pollution; less difficult disposal of radioactive 
that heats steam; uses heat engine. contribution to by-products; possible diversion 
ølobal warming; of nuclear material by terrOrIstS; 
relatively Inexpensive. limited fuel supply. 
Eusion: energy released when 0 Relatively “clean”; vast fuel Not yet workable. 
1sotopes of hydrogen (or other supply (hydrogen In water 
small nucleï) combine or “fuse” molecules in oceans); less 
(Chapter 31). conftribution to global warming. 
Hydroelectric: 16 No heat engine needed; no alr, Reservoirs behind dams Inundate 
falling water water, or thermal pollution; scenic or inhabited land; dams 
turns turbines at relatively Inexpensive; hiph block upstream migration of 
the base of a efficiency; dams can control salmon and other fish for 
dam. flooding. reproduction; few locations 
remain for new dams; drought. 
Geothermal: natural steam from <1 No heat engine needed; litleair  Few appropriate sites; small 
inside the Earth comes to the pollution; good efficiency; production; mineral content of 
surface (hot sprinøs, øeysers, steam relatively Inexpensive and “clean.”  spent hot water can pollute. 
vents); or cold water passed down 
1nfo contact with hot, dry rock 1s 
heated to steam. 
Wind power: <1 No heat engine; no air, water,or  Large array of big windmills 
3-kW to 5-MW thermal pollution; relatively mipht affect weather and be 
windmills (vanes 1neXpensIve. eyesores; slows down cooling 
up to 50m long) winds; hazardous to migratory 
turn a generatOr. birds; winds not always strong. 
Solar energy: <1 


Active solar heafing: rooftop solar 
panels absorb the Sun's rays, which 


heat water In tubes for space 
heating and hot water supply. 


Passive solar heating: architectural 
devices—windows along southern 
exposure, sunshade over windows 
to keep Sun”s rays out In summer. 


Solar cells (photovoltaic cells): 
convert sunlight directly Into 
electricity without use of heat 
engine. 
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No heat engine 
needed; no aIr or 
thermal pollution; 
unlimited fuel 
SuppÌy. 

No heat engine needed; no air or 
thermal pollution; relatively 
1neXpensIve. 


No heat engine; thermail, air, and 
water pollution very low; good 
efficiency (30% and 
1mprovine). 


Space limitations; may require 
back-up; relatively expensIve; 
less effective when cloudy. 


Summer 
Almost Summer Q ca 
= sun shield 
none, but 
Winter 
other sưổi 
methods  Window 
needed " 
†oo. Energy-absorbing floor 


Expensive; chemical pollution at 
manufacture; much land needed 
as Sun s enersy not concentrated; 
absorption (dark color) without 
reemission = global warming. 
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mí Thermodynamics 


1. Define the system you are dealing with; distinguish 
kồ the system under study from 1ts surroundings. 

œ 2. When applying the first law of thermodynamics, be 
careful of signs associated with work and heat. In the 
ñirst law, work done by the system 1s positIive; work 
done øz the system 1s negative. Heat added to the 
system 1s posifive, but heat remoued from 1† 1s negative. 
With heat engines, we usually consider the heat Intake, 
the heat exhausted, and the work done as poSIfIve. 


3. Watch the unifs used for work and heat; work 1s mosf 
often expressed In Joules, and heat can be In calorIes, 
kilocalories, or Joules. Be consistent: choose only one 
umit for use throughout a ø1ven problem. 


4. Temperafures must generally be expressed 1n kelvins; 
temperature đ/ƒƒferences may be expressed In C° or K. 


5. Efficieney (or coefficient of performance) 1s a ratio 
Of two energy transfers: useful output divided by 
required input. Efficiency (but zø/ coefficlent of 
performance) 1s always less than 1 in value, and 
hence 1s often stated as a percentage. 


6. The enfropy of a system Increases when heat is added 
to the system, and decreases when heat 1s removed. 
lIf heat 1s transferred from system A to system B, 
the change In entropy of A 1s negative and the change 
1n entropy of B 1s posIfIve. 


 Summary 


The first law of thermodynamics s(ates that the change In Inter- 
nal energy AU of a system ¡s equal to the heat ađded to the 
system, , minus the work done by the system, W: 

AU = Q—ỨW. (15-1) 
This Important law 1s a statement of the conservation of energy, 
and is found to hold for all processes. 

An isothermal process 1s a prOcess carried out at constant 
temperature. 

In an adiabatie process, no heat is exchanged (@ = 0). 

The work W done by a gas at constant pressure P 1s given by 

W = PAV, (15-3) 
where AV 1s the change In volume of the gas. 

A heat engine is a device for changing thermal energy, by 
means of heat flow, Into useful work. 

The efficiency e of a heat engine 1s defined as the ratio of 
the work W done by the engine to the hiph temperature heat 
input Óụ.. Because of conservation of energy, the work output 
equals Cu — ,, where Ớ(, is the heat exhausted at low tem- 
perature to the environment; hence 


` W _ ĐmH-ỔI _ ¡_ €h, 
Oh On nu 
Óu. ÓL, and W, as defined for heat engines, are pOSItIve. 
The „pper limif on the efficlency (the Carnot efficiency) 
can be written ¡in terms of the higher and lower operating 
temperatures (in kelvins) of the engine, 7h and 7Ị,, as 


(15-4) 


CideaL = 5-5) 
Real (irreversible) engines always have an efficiency less than this. 
The operation of refrigerafors and air condifioners 1s the 
reverse of a heat engine: work 1s done to extract heat \, 
from a cool region and exhaust It to a reglon at a hipher temper- 
ature. The coefficient of performance (COP) for either 1s 


_ ƠI reÍriperatOr Or 
ĐĂNG ° wW ` conditloner (15-6a) 


where W is the work needed to remove heat I, from the area 
with the low temperature. 
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A heaf pump uses work W to bring heat Óy from the cold 
oufside and deliver heat Ón to warm the Interior. The coeffi- 
cient of performance of a heat pump 1s 


On 
W 


because 1 is the heat Cu delivered inside the building that counts. 
The second law of thermodynamics can be s(ated in sev- 
eral equivalent ways: 
(a) heat flows spontaneously from a hot object to a cold 
one, but not the reverse; 
(b) there can be no 100% efficient heat engine——that is, one 
that can change a given amount of heat completely 
Into WorK; 
(c) natural processes tend to move toward a state of 
greater disorder or øreater enfropy. 
Statement (c) 1s the most general statement of the second law 
of thermodynamics, and can be restated as: the total entropy, S, 
Of any system plus that Of ifs environment Increases as a result 
of any natural process: 


AS >0. (15-9) 
The change In entropy In a process that transfers heat Ở at 
a constant temperature 7'1s 


o 
A§ = #Š. 
: T 


Enftropy is a quantitative measure of the đisorder of a 
system. The second law of thermodynamics also Indicates that 
as time goes on, enersy 1s degraded to less useful forms——that 1s, 
1( 1s less available to do useful work. 

The second law of thermodynamics tells us in which direction 
processes tend to proceed; hence enfropy 1s called “time”s arrow.” 

[ZEntropy can be examined from a sftatistical point of view, 
considering macrosfafes (for example, ?, V, 7) and microsfafes 
(state of each molecule). The most probable processes are the 
ones we observe. They are the ones that Increase entropy the 
most. Processes that violate the second law “could” occur, 
but only with exfremely low probability.] 

[#ZAlI heat engines give rise to thermal pollution because 
they exhaust heat to the environment.] 


COP = › [heat pump] (15-7) 


(15-8) 


 Questions 


1. 


10. 


11. 


In an Isothermal process, 3700 J of work ¡is done by an ideal 
gas. Is this enough information to tell how much heat has 
been added to the system? If so, how much? Tf not, why not? 


. Can mechanical energy ever be transformed completely 


1nto heat or internal energy? Can the reverse happen? In 
each case, If your answer is no, explain why not; IÝ yes, 
Ø1ve one or two examples. 


. Can the temperature of a system remain constant even 


though heat flows Into or out oŸ1t? TẾ so, ø1ve examples. 


. Explain why the temperature of a gas Increases when If 1s 


compressed adiabatically. 


. An ideal monatomic øas expands slowly to twice 1s volume 


(1) isothermally; (2) adiabatically; (3) isobarically. Plot 
each on a PV diagram. In which process is A the preatest, 
and in which 1s AU the least? In which 1s W the greatest 
and the least? In which 1s @ the greatest and the least? 


. (a) What happens If you remove the lid of a bottle con- 


taining chlorine gas? (b) Does the reverse process ever 
happen? Why or why no(? (c) Can you think of two other 
examples of IrreversIbility? 


. Would a definition of heat engine efficiency as e = W/ỚI, 


be useful? Explain. 


. What are the hiph-temperature and the low-temperature 


areas for (a) an internal combustion engine, and (5) a steam 
engine? Are they, strictly speaking, heat reservoIrs? 


. The oceans contain a tremendous amount of thermal 


(internal) energy. Why, in general, 1s 1t not possible to put 
this energy to useful work? 

Can you warm a kitchen in winter by leaving the oven 
door open? Can you cool the kitchen on a hot summer 
day by leaving the refrigerator door open? Explain. 

The COPs are defined differently for heat pumps and air 
conditioners. Explain why. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


You are asked to test a machine that the Inventor calls an 
“in-room aIr conditIloner”: a biøg box, standing In the middle 
of the room, with a cable that plugs Into a power outlet. 
'When the machine 1s switched on, you feel a stream of cold 
air coming out of it. How do you know that this machine 
cannot cool the room? 


Think up several processes (other than those already men- 
tioned) that would obey the first law of thermodynamics, 
but, 1ƒ they actually occurred, would violate the second law. 


Suppose a lot of papers are strewn all over the floor; then 
you stack them neatly. Does this violate the second law of 
thermodynamics? Explain. 


The first law of thermodynamics 1s sometimes whimsically 
stated as, “You can”t get something for nothing,” and the 
second law as, “You can't even break even.” Explain 
how these statements could be equivalent to the formal 
Sfatements. 


A gas 1s allowed to expand (ø) adiabatically and () Iso- 
thermally. In each process, does the enfropy Increase, 
decrease, or stay the same? Explain. 


Which do you think has the greater entropy, 1 kg of solid 
1ron or 1 kg of liquid iron? Why? 

Give three examples, other than those mentioned In this 
Chapter, of naturally occurring processes in which order 
goes to disorder. Discuss the observability of the reverse 
pTOCeSS. 


Entropy 1s often called “time”s arrow” because 1t tells us 
in which direction natural processes occur. lÝ a movie 
were run backward, name some processes that you might 
see that would telÏl you that time was “running backward.” 
Living organisms, as they ørow, convert relatively simple 
food molecules into a complex structure. Is this a violation 
of the second law of thermodynamics? Explain your answer. 


[MisConceptual Questions 


1. 


In an Isobaric compression of an ideal gas, 

(a) no heat flows into the gas. 

(B) the internal energy of the gas remains constant. 
(c) no work is done on the gas. 

(4) work 1s done on the gas. 

(e) work 1s done by the gas. 


._Which ¡is possible: converting (¡) 100 J of work enfirely Into 


100 J of heat, (1) 100 J of heat entirely into 100 J of work? 
(z) Only (1) 1s possible. 

(b) Only (11) 1s possible. 

(c) Both (¡) and (¡) are possible. 

(đ) Neither (1) nor (1) 1s possible. 


. An ideal gas undergoes an 1sobaric compression and then an 


1sovolumetric process that brinøs it back to is Initial temper- 
ature. Had the gas undergone one isothermal process 1nstead, 
(a) the work done on the gas would be the same. 

(B) the work done on the gas would be less. 

(c) the work done on the gas would be greater. 

(đ) Need to know the temperature of the isothermal process. 


4. 


An ideal gas undergoes an isothermal expansion from 
state A to state B. In this process (use siøn conventions, 
page 413), 
(a) @ = 0, 
()Q>0, 
(c) Q= 0, 
()@>0, 
() @= 0, 


An ideal gas undergoes an I1sothermal process. Which of the 
following statements are true? (1ï) No heat ¡is added to or 
removed from the gas. (ii) The internal energy of the gas 
does not change. (H1) The average kinetic energy of the mole- 
cules does not change. 

(a) () only. 

(5) () and (ñ) only. 

(c) () and (1ï) only. 

(đ) (ñ) and (11) only. 

(e) (). (1ñ). and (11). 

(#) None of the above. 


W >0. 
W <0. 
W >0. 
W >0. 
W <0. 


AU =0, 
AU =0, 
AU>0, 
AU =0, 
AU <0, 
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MisConceptual Ouestions 


6. An ideal gas undergoes an adiabatic expansion, a process In 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


which no heat flows into or out of the gas. As a result, 

(4) the temperature of the gas remains constant and the 
pressure decreases. 

(5) both the temperature and pressure of the øas decrease. 

(c) the temperature of the gas decreases and the pressure 
InCT€AS€S. 

(đ) both the temperature and volume of the øas Increase. 

(c) both the temperature and pressure of the øas increase. 


. A heat engine operates between a hiph temperature of 


about 600°C and a low temperature of about 300°C. What 
1s the maximum theoretical efficilency for this engine? 

(z) = 100%. (b)* 66%. (c)~ 50%. (4) 34%. 
(z) Cannot be determined from the given information. 


. On a very hot day, could you cool your kitchen by leaving 


the refrigerator door open? 

(4) Yes, but it would be very expensIve. 

() Yes, but only 1ƒ the humidity 1s below 50%. 

(c) No, the refrigerator would exhaust the same amount 
of heat into the room as it takes out of the room. 

(đ) No, the heat exhausted by the refripgerator into the 
room 1s more than the heat the refrigerator takes out 
of the room. 


9, 


10. 


11. 


'Which of the following possIbilities could Increase the effi- 

ciency of a heat engine or an Internal combustion engine? 

(a) Increase the temperature of the hot part of the system 
and reduce the temperature of the exhaust. 

() Increase the temperatures of both the hot part and the 
exhaust part of the system by the same amount. 

(c) Decrease the temperatures of both the hot part and 
the exhaust part of the system by the same amounI. 

(đ) Decrease the temperature of the hot part and increase 
the temperature of the exhaust part by the same 
amount. 

(£) None of the above; only redesigning the engine or 
using better gas could improve the engine”s efficiency. 

About what percentage of the heat produced by burning 

gasoline 1s turned Into useful work by a typical automobile? 

(2)20%. (b)50%. (c)80%. (đ)90%. (e) Nearly 100%. 

Which statement 1s true regarding the entropy change of 

an Ice cube that melts? 

(2) Since melting occurs at the melting point temperature, 
there 1s no temperature change so there 1s no entropy 
change. 

(5) Entropy Increases. 

(c) Entropy decreases. 


j Problems 


15-1 and 15-2 First Law of Thermodynamics 
[Recall sign conventions, page 413.] 


1. 


() An ¡ideal gas expands isothermally, performing 
4.30 x 103J of work in the process. Calculate (z) the 
change ¡n internal energy of the gas, and (b) the heat 
absorbed during this expansion. 


. () One liter of air 1s cooled at constant pressure until Its 


volume 1s halved, and then it is allowed to expand isother- 
mally back to Its oripinal volume. Draw the process on a 
PV diagram. 


. (H) Sketch a PV diagram of the following process: 2.5 L of 


b 


1deal øas at atmospheric pressure ¡1s cooled at constant 
pressure to a volume of 1.0 L. and then expanded ¡sother- 
mally back to 2.5 L, whereupon the pressure 1s Increased at 
constant volume until the original pressure 1s reached. 

(I) A gas 1s enclosed In a cylinder fited with a lipht 
frictonless piston and maintained at atmospheric pressure. 
When 254kcal of heat ¡is added to the gas, the volume 
is observed to increase slowly from 12.0 mỶ to 16.2 mẻ. 
Calculate (2) the work done by the gas and (b) the change 
1n Internal energy of the gas. 


. J A 1.0-L volume of air iniially at 3.5 atm of (gauge) 


b 


pTressure 1s allowed to expand Isothermally until the pressure 
1s 1.0 atm. It is then compressed at constant pressure to Ifs 
1niial volume, and lastly 1s brought back to 1s oripinal 
pressure by heating at constant volume. Draw the process 
on a PV diagram, including numbers and labels for the axes. 
(I) The pressure ïn an ideal gas 1s cut in half slowly, while 
being kept In a container with rigid walls. In the process, 
465 k] of heat left the gas. (z) How much work was done 
during this process? (b) What was the change ïn internal 
energy of the øas during this process? 
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Ta 


10. 


(IH) In an engine, an almost ideal gas is compressed adia- 
batically to haÏlf its volume. In doïng so, 2630 J of work 1s 
done on the gas. (z2) How much heat flows Into or out of 
the gas? (b) What is the change in internal energy of the 
gas? (c) Does Its temperature rise or fall? 


(HH) An ideal gas expands at a constant total pressure of 
3.0 atm from 410 mL to 690 mL. Heat then flows out of the 
gas at constant volume, and the pressure and temperature 
are allowed to drop until the temperature reaches 1ts 
original value. Calculate (z) the total work done by the gas 
in the process, and (b) the total heat flow Into the gas. 


(II) 8.5 moles of an ideal monatomic gas expand adiabat- 
1cally, performing 8300 J of work in the process. What 1s the 
change In temperature of the gas during this expansion? 


(H) Consider the following two-step process. Heat is allowed 
to flow out of an ideal gas at constant volume so that 1t pres- 
sure drops from 2.2 atm to 1.4 atm. Then the gas expands at 
constant pressure, from a volume of 5.9 L to 9.3 L, where the 
temperature reaches 1s oripinal value. See Hig. 15—22. Calculate 
() the total work done by the gas In the process, (b) the 
change in internal 

enersy of the gas in P 
the process, and 
(c) the total heat 
flow Info or out of 
the øas. 


FIGURE 15-22 
Problem 10. 0 


V 


11. 


12. 


13 


(II) Use the conservation of energy to explain why the 
temperature of a well-insulated øas Increases when 1t 1s 
compressed——say, by pushing down on a pIiston——whereas 
the temperature decreases when the gas expands. Show 
VOUT reasoning. 

(HI) The PV diagram ïn Fig. 15-23 shows two possible states 
Of a system containing 1.75 moles of a monatomic Ideal 
gas. (Pị = P; = 425N/m”, Vị = 2.00 mỶ, W; = 8.00 mỶ.) 
(2) Draw the process which depicts an isobaric expansion from 
state 1 to state 2, and label this process A. (5) Find the work 
done by the gas and the change In Internal energy of the øas in 
process A. (c) Draw the two-step process which depicts an 
1sothermal expansion from state 1 to the volume W2, followed 
by an Isovolumetric Increase In temperature to state 2, and 
label this process B. P 


(đ) Eind thechange  (N/m2) 
1n internal enerøY s00 
of the gas for the xog 
two-step process B. 300 
200 
100 
FIGURE 15-23 
Problem 12. 0 2 4 6 8 10V(m3) 


(II) When a gas 1s taken from a to c along the curved path 
1n Eig. 15-24, the work done by the gasis W = —35 J and 
the heat added to the gas is @ = —175 J. Along path abc, 
the work done by the gas is W = —56 ]J. (That is, 56 J of 
work 1s done øø the gas.) (a) What is Ó for path abc? 
(b) I f„ =ÿP;, what 

is W for path cda? P 


(c) What ¡s @ for b a 
path cda? (3) What 
1S Ứạ —U,? (e) H 
Ủa — U, = 421], what 
1s Ở for path da? 
e d 
FIGURE 15-24 
Problem 13. 0 V 


*415-3 Humaan Metabolism 


+14. 


ki PS 


*16. 


#17, 


(D How much energy would the person of Example 15—7 
transform If instead of working 11.0 h she took a noontime 
break and ran at 15 km/h for 1.0 h2 

(Ð Calculate the average metabolic rate of a 65-kg person who 
sleeps 8.0 h, sits at a desk 6.0 h, engages In light activity 6.0h, 
watches TV 2.0h, plays tennis 1.5 h, and runs 0.50 h dally. 
I) A 65-kg person decides to lose weight by sleeping one 
hour less per day, using the time for lipht activity. How much 
weight (or mass) can this person expect to lose in 1 year, 
assuming no change In food intake? Assume that 1 kg of 
Tat stores about 40,000 kJ of energy. 

(H) (z) How much enersy ¡1s transformed by a typical 65-kg 
person who runs at 15 km/h for 30 min/day in one week 
(Table 15-2)? (5) How many food calories would the per- 
son have to eat to make up for this energy loss? 


15-5 Heat Engines 


18. 


19. 


(DA heat engine exhausts 8200 J of heat while performing 
2600 ] of useful work. What is the efficlency of this engine? 
(D What ¡s the maximum efficlency of a heat engine whose 
operafing temperatures are 560”C and 345°C? 


20. 


21. 


22. 


23. 


24. 


25. 


26 


. 


21. 


28 


29. 


30. 


kì P 


(D The exhaust temperature of a heat engine is 230°C. What 
1s the hiph temperature If the Carnot efficiency 1s 34%? 

(DA heat engine does 9200 J of work per cycle while absorb- 
ing 25.0 kcal of heat from a high-temperature reservoIr. 
What Is the efficlency of this engIne? 

() A heat engine”s high temperature 7h could be ambient 
temperature, because liquid nitrogen at 77K could be 7, 
and is cheap. What would be the efficlency of a Carnot 
engine that made use of heat transferred from aIr at room 
temperature (293 K) to the liquid nitroegen “fuel” (Hg. 15-25)? 


_./«‹ 
H 
Á ` “Ñ 

ˆ 4 . 


FIGURE 15-25 Problem 22. 


(I) Which will improve the efficiency of a Carnot engine 
more: a 10 C” Increase In the hiph-temperafure reservOIr, Or a 
10C? decrease In the low-temperature reservoir? ive 
detailed results. Can you state a generalization? 

(H) A certain power plant puts out 580 MW of electric 
power. Estimate the heat discharged per second, assuming 
that the plant has an efficiency of 32%. 

TA nuclear power plant operates at 65% of is maximum 
theoretical (Carnot) efficiency between temperatures of 660°C 
and 330°C. If the plant produces electric energy at the rate 
of£1.4GW, how much exhaust heat is discharged per hour? 
(T) A heat engine exhausts its heat at 340°C and has a 
Carnot efficilency of 36%. What exhaust temperature would 
enable it to achieve a Carnot efficiency of 42%? 

(I) A Carnot engine”s operating temperatures are 210°C 
and 45°C. The engine”s power output ¡is 910W. Calculate 
the rate of heat output. 

(H) A four-cylinder gasoline engine has an efficiency of 0.22 
and delivers 180 J of work per cycle per cylinder. If the engine 
runs at 25 cycles per second (1500 rpm), determine (4z) the 
work done per second, and (0) the total heat input per 
second from the gasoline. (c) If the energy content of 
gasoline 1s 130 MJ per gallon, how long does one gallon 
last? 

(I)A Carnot engine performs work at the rate of 520 KW 
with an input of 950 kcal of heat per second. If the tem- 
perature of the heat source 1s 520C, at what temperature 
1s the waste heat exhausted? 

(H) A heat engine uses a heat source at 5S0°C and has an ideal 
(Carnot) efficiency of 22%. To Increase the ideal efficiency 
to 42%, what must be the temperature of the heat source? 
(HI) A typical compact car experlences a total drag force 
of about 350N at 55 mi/h. If this car gets 32 miles per 
gallon of gasoline at this speed, and a liter of gasoline 
(1gal = 3.8L) releases about 3.2 x 107] when burned, 
what 1s the car”s efficiency? 
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15-6 Refrigerators, Air Conditioners, Heat Pumps 


32. (T) If an ideal refrigerator keeps its contents at 2.5°C when 
the house temperature 1s 22°C, what 1s its COP? 

33. (I) The low temperature of a freezer cooling coil is —§°C and 

the discharge temperature 1s 33”C. What ¡is the maxinum 

theoretical coefficient of performance? 

(H) What ¡is the temperature inside an ideal refripgerator- 

reezer that operates with a COP = 7.0 in a 22°C room? 

35. (II A heat pump is used to keep a house warm at 22°C. 
How much work 1s required of the pump to deliver 3100 J 
of heat Into the house If the outdoor temperafture 1s 
(z) 0°C, (5b) —15°C? Assume a COP of 3.0. (c) Redo for 
both temperatures, assuming an ideal (Carnot) coefficient 
of performance COP = 7HÒ/(Th — TỊ). 

36. (II) (z) What is the coefficient of performance of an ideal 
heat pump that extracts heat from 6°C air outside and 
deposifs heat Iinside a house at 24°C? () If this heat pump 
operates on 1200 W of electrical power, what 1s the maxinum 
heat it can deliver into the house each hour? See Problem 35. 

37. (II) What volume of water at 0°C can a freezer make into 

1ce cubes In 1.0h, 1ƒ the coefficlent of performance of the 

cooling unit 1s 6.0 and the power input is 1.2 kilowatt?2 

(H) How much less per year would it cost a family to operafte 

a heat pump that has a coefficlent of performance of2.9 than 

an electric heater that costs $2000 to heat their home for a 

year? If the conversion to the heat pump costs $15,000, how 

long would it take the family to break even on heating costs? 

How much would the family save In 20 years? 


15-7 Entropy 


39. (I) What 1s the change In entropy of 320g of steam at 
100°C when it is condensed to water at 100°C? 

40. (1) 1.0 kg of water 1s heated from 0°C to 100°C. Estimate 
the change in entropy of the water. 

41. (ID What is the change in entropy of 1.00 mỶ of water at 
0°C when It is frozen to Ice at 0°C? 

42. (ID A 5.8-kg box having an initial speed of 4.0 m/s slides 
along a rough table and comes to rest. Estimate the total 
change 1n entropy of the universe. Assume all objects are 
at room temperature (293 K). 

43. (1 If 1.00mỶ of water at 0°C is frozen and cooled to 
—8.0°C by being im contact with a great deal of Ice at 
—8.0°C, estimate the total change In entropy of the process. 

44. (II) An aluminum rod conducts 8.40 cal/s from a heat source 
maintained at 225°C to a large body of water at 22°C. Cal- 
culate the rate at which entropy Increases In this process. 

45. (II) A 2.8-kg piece of aluminum at 28.5°C ïs placed in 1.0 kg 
Of water In a Styrofoam container at room temperature 
(20.0°C). Estimate the net change in entropy of the system. 

46. (II) A falling rock has kinetic energy KE just before striking 
the ground and coming to rest. What 1s the total change In 
entropy of rock plus environment as a result of this collision? 

47. (11) 1.0 kg of water at 35°C ¡is mixed with 1.0 kg of water at 

45°C In a well-insulated container. Estimate the net change 

1n entropy of the system. 

(HT) A real heat engine working between heat reservoirs at 

970 K and 650 K produces 550 J of work per cycle for a heat 

1nput of2500 J. (a) Compare the efficiency of this real engine 

to that of an ideal (Carnot) engine. (b) Calculate the total 
entropy change of the universe per cycle of the real engine, 
and (c) also 1f the engine 1s ideal (Carnot†). 


34 


38 


b 


48 


b 
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*15-10 Statistical Interpretation 


+49. 


*S0 


#51 


*S2 


° 


(ID) Calculate the probabilities, when you throw two dice, 
of obtaining (2) a 4, and (5) a 10. 

(H) Suppose that you repeatedly shake six coins in your hand 
and drop them on the floor. Construct a table showing the 
number of microsfates that correspond to each macrosfate. 
What is the probability of obtaining (z) three heads and 
three tails, and (5) six heads? 

(HI) A bowl contains many red, orange, and sreen jelly beans, 
1n equal numbers. You are to make a line of 3 Jelly beans by 
randomly taking 3 beans from the bowl. (z) Construct a table 
showing the number of microstates that correspond to 
each macrostate. Then determine the probability of (b) all 
3 beans red, and (c) 2 greens, 1 orange. 

(HI Rank the following five-card hands in order of 
Iincreasing probability: (2) four aces and a king; (b) six of 
hearts, eight of diamonds, queen of clubs, three of hearts, 
Jack of spades; (c) two Jacks, two queens, and an ace; and 
(đ) any hand having no two equal-value cards (no pairs, 
efc.). Discuss your ranking In terms of microstates and 
macrosftaftes. 


*15-11 Energy Resources 


x58: 


*s4 


#55, 


(D Solar cells (Fig. 15-26) can produce about 40W of elec- 
tricIty per square meter Of surface area 1 directly facing the 
Sun. How large an area 1s required to supply the needs of 
a house that requires 24 kWh/day? Would this fit on the 
roof of an average house? (Assume the Sun shines about 
9h/day.) hy ~ Í 


FIGURE 15-26 
Problem 53. 


(H) Enerey may be stored by pumping water to a hiph reserVvOIr 
when demand 1s low and then releasing it to drive turbines 
during peak demand. Suppose water 1s pumped to a lake 
115m above the turbines at a rate of 1.00 < 10” kg/s for 
10.0 h at nipht. (2) How much energy (kKWh) ¡s needed to do 
this each niph(? (Õ) If all this energy 1s released during a 14-h 
day, at 75% efficiency, what is the average power output? 
(I) Water 1s stored in an artificial lake created by a dam 
(Eig. 15-27). The water depth 1s 48m at the dam, and a 
steady flow rate of 32 mỶ/s is maintained through hydro- 
electric turbines installed near the base of the dam. How 
much electrical 
power can be 
produced? 


FIGURE 15-27 
Problem 55: 
Flaming Gorge 
Dam on the 
Green River in 
Utah. 


General Problems 


56. An inventor claims to have built an engine that produces 


ST, 


58 


59. 


60. 


61 


62. 


63 


64 


65 


2.00 MW of usable work while taking in 3.00 MW of thermal 
energy at 425 K, and reJecting 1.00 MW of thermal energy 
at 215 K. Is there anything fishy about his claim? Explain. 


When 5.80 x 10”J of heat is added to a gas enclosed in a 
cylinder fitted with a lipht frictionless piston mainftained at 
atmospheric pressure, the volume 1s observed to Increase 
from 1.9 m to 4.1 mỶ. Calculate (2) the work done by the 
gas, and (b) the change In ¡internal energy of the gas. 
(c) Graph this process on a PV diasram. 


A restaurant refrigerator has a coefficilent of perfor- 
mance of 4.6. If the temperature in the kitchen outside the 
refrigerator 1s 32°C, what is the lowest temperature that 
could be obtained inside the refrigerator 1ƒ it were Ideal? 


A particular car does work at the rate of about 7.0 kJ/s 
when traveling at a steady 21.8 m/s along a level road. This 
1s the work done against friction. The car can travel 17 km 
on 1.0L of gasoline at this speed (about 40 mi/gal). What 
1s the minimum value for 7 1Ÿ 7 is 25°C? The energy 
available from 1.0 L of gas is 3.2 < 107J. 


A “Carnot” refrigerator (the reverse of a Carnot engine) 
absorbs heat from the freezer compartment at a temperature 
of —17°C and exhausfs it into the room at 25°C. (z) How 
much work would the refriperator do to change 0.65 kg Of water 
at 25°C into Ice at —17°C? (b) If the compressor ouftput 1s 
105 W and runs 25% of the time, how long will this take? 


It has been suggested that a heat engine could be developed 
that made use of the temperature difference between water 
at the surface of the ocean and water several hundred 
meters deep. In the tropics, the temperatures may be 27°C 
and 4°C, respectively. (a) What 1s the maximum efficlency 
such an engine could have? (b5) Why mipht such an engine 
be feasible in spite of the low efficiency? (c) Can you imagine 
any adverse environmental effects that might occur? 


A cooling unit for a new freezer has an inner surface area of 
8.0 mỸ, and is bounded by walls 12 cm thick with a thermal 
conductivity of 0.050 W/m-K. The inside must be kept 
at —15”C In a room that 1s at 22°C. The motor for the 
cooling unit must run no more than 15% of the time. What 
1s the minimum power requirement of the cooling motor? 


Refrigeration units can be rated In “tons” A 1-ton alr 
conditioning system can remove sufficient energy to Íreeze 
1 ton (2000 pounds = 909 kg) of 0°C water into 0°C Ice in 
one 24-h day. IỆ on a 35°C day, the Interior of a house 1s 
maintained at 22°C by the continuous operation of a 5-ton 
alr conditioning system, how much does this cooling cost 
the homeowner per hour? Assume the work done by the 
refrigeration unit is powered by electricity that cosfs 
$0.10 per kWh and that the unit's coefficient of performance 
is 18% that of an ideal refrigerator. 1 kWh = 3.60 < 106J. 


Two 1100-kg cars are traveling 85 km/h ín opposite direc- 
tions when they collide and are brought to rest. Estimate 
the change In entropy of the universe as a result of this 
collision. Assume 7' = 20C. 

A 110-g msulated aluminum cup at 35°C 1s filled with 150 g of 
water at 45°C. After a few minutes, equilibrium 1s reached. 
(2) Determine the final temperature, and (5) estimate the 
total change In entropy. 
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67. 


68. 


69. 


70. 
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The burning of gasolne 1n a car releases about 
3.0 < 10' kcal/gal. Ifa car averages 41 km/gal when driving 
110 km/h, which requires 25 hp, what is the efficiency of the 
engine under those conditions? 


A Carnot engine operates with 7¡ = 20°C and has an 
efficiency of 25%. By how many kelvins should the hipgh 
Operating temperature 7¡¡ be Increased to achieve an effi- 
ciency of 35%? 


Calculate the work done by an ideal gas in going from 
state A to state 


in Fig. 15-28 for ` 
each of the following 
processes: (z) ADC, g.== K, C 
(5) ABC, and (c) AC 
directly. 
TẠI" đi ỊD 
| Ị 

FIGURE 15-28 

Problem 68. 0 
A 38% efficient power plant puts out 850 MW of electrical 


power. Coolins towers take away the exhaust heat. (z) If the 
air temperature Is allowed to rise 7.0 C°, estimate what volume 
of air (km?) is heated per day. WilI the local climate be 
heated sipgnificantly? (b) If the heated air were to form a layer 
180 m thick, estimate how large an area 1t would cover for 
24h of operation. Assume the air has density 1.3 kg/mỂ and 
has specific heat of about 1.0 kJ/kg - C° at constant pressure. 


Suppose a power plant delivers energy at 880 MW using 
steam turbines. The steam øoes Into the turbines superheated 
at 625 K and deposifs Its unused heat ím river water at 285 K. 
Assume that the turbine operafes as an ideal Carnot engine. 
(a) If the river flow rate is 37 mỶ/s, estimate the average tem- 
perature increase of the river water Immediately downstream 
from the power plant. (b) What is the entropy Increase per 
kilogram of the downstream river water in J/kg: K? 


A car engine whose output power 1s 135 hp operates at 
about 15% efficiency. Assume the engine”s water tempera- 
ture of 85°C 1s its cold-temperature (exhaust) reservoir and 
495°C 1s its thermal “intake” temperature (the temperature 
of the exploding gas-air mixture). (2) What 1s the ratio 
Of its efficiency relative to ifs maximum possible (Carnot) 
efficiency? (b) Estimate how much power (in watts) øoes 
1nto moving the car, and how much heat, in joules and In 
kecal, is exhausted to the air in 1.0 h. 


An ideal monatomic gas 1s contained ïn a tall cylindrical 
jar of cross-sectional area 0.080 mỂ fitted with an airtight 
fricionless 0.15-kg movable piston. When the gas 1s 
heated (at constant pressure) from 25°C to 55°C, the 
pIston rises 1.0cm. How much heat was required for this 
process? Assume atmospheric pressure oufside. [Himí: See 
Section 14-2.] 


Metabolizing 1.0 kg of fat results in about 3.7 < 107J of 
internal energy in the body. (z) In one day, how much fat 
does the body burn to maintain the body temperature of a 
pe€rson staying In bed and metabolizing at an average rate 
of 95 W? (5) How long would it take to burn 1.0 kg of fat 
this way assuming there 1s no food Intake? 
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T5. 


. (4) At a steam power plan(, steam engines work In palrs, 


the heat output of the first one being the approximate heat 
Input of the second. The operating temperatures of the 
first are 750°C and 440°C, and of the second 415°C and 
270°C. If the heat of combustion of coal is 2.8 < 107 J/kg, 
at what rate must coal be burned 1f the plant 1s to put out 
950 MW ofpower? Assume the efficiency of the engines 1s 
65% of the ideal (Carnot) efficilency. (b) Water ¡is used to 
cool the power plant. If the water temperature 1s allowed to 
1ncrease by no more than 4.5 C?, estimate how much water 
must pass through the plant per hour. 

Suppose a heat pump has a stationary bicycle attachment 
that allows you to provide the work instead of using an 
electrical wall outlet. If your heat pump has a coefficient 
of performance of 2.0 and you can cycle at a racing pace 
(Table 15-2) for a half hour, how much heat can you 
provide? 


76. An ideal air conditioner keeps the temperature inside a room 


Tin 


at 21°C when the outside temperature 1s 32”C. If 4.8 kW 
of power enfters a room through the windows in the form Of 
đirect radiation from the Sun, how mụuch electrical power 
would be saved 1f the windows were shaded so only 500W 
enters? 

An ideal heat pump 1s used to maintain the inside tempera- 
ture of a house at 7¡n = 22°C when the outside temperature 
1S 7ou(. Assume that when 1t 1s operating, the heat pump does 
WOFk at a rate of 1500 W. Also assume that the house loses 
heat via conduction throupgh 1s walls and other surfaces at 
a rate given by (650 W/C°)(Tia — 7sut). (4) For what outside 
temperature would the heat pump have to operate all the time 
1n order to maintain the house at an inside temperature of 
22°C? (0) 1ƒ the outside temperature is 8°C, what percentage 
of the time does the heat pump have to operate In order to 
maintain the house at an inside temperature of 22°C? 


[ Search and Learn 


1. 


k=) 


A 


What happens to the Internal energy of water vapor in the 
air that condenses on the outside of a cold glass of water? 
1s work done or heat exchanged? Explain in detaIl. 


- Draw a PV diagram for an ideal gas which undergoes a 


three-step cyclic thermodynamic process In which the first 
step has AU = 0 and W >0, the second step has W = 0, 
and the third step has @ = 0 and W < 0. 

What exactly is a Carnot engine and why 1s 1t important? 
How practical 1s 112 

(2) Make up an advertisement for a refripgerator or air con- 
ditioner that violates the first law of thermodynamics (see 
Section 15~6). (b) Make up an ad for a car engine that vio- 
lates the second law of thermodynamics (see Section 15—5). 
One day a person sleeps for 7.0 h, goes running for an hour, 
gets dressed and eats breakfast for an hour, sits at work for 
the next 9.0 h, does household chores for a couple of hours, 
eats đdinner for an hour, surfs the Internet and watches TV 
for a couple of hours, and finally takes an hour for a bath 
and getting ready for bed. If all of the energy associated 
with these activitles 1s considered as heat that the body out- 
pufs to the environment, estImate the change In entropy the 
person has provided. (See Sections 15—3 and 15—7.) 


. Á particular 1.5-m” photovoltaic panel operating in direct 


sunlight produces electricity at 20% efficiency. The resulting 
electricity 1s used to operate an electric stove that can be used 
to heat water. A second system uses a 1.5-m” curved mirror 
to concentrate the Sun”s energy directly onto a container of 
water. Estimate how long 1t takes each system to heat 1.0 kg 
of water from 25°C to 95°C. (See also Chapter 14.) 


NSWERS TO EXERCISES 


700 J. 
Less. 
—6.8 x 1081. 


(4), ()- 
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A dehumidifler removes water vapor from aïr and has been 
referred to as a “refrigerator with an open door.” The humid 
air 1s pulled in by a fan and passes over a cold coil, whose 
temperature 1s less than the dew poïnt, and some oÝ the a1r”s 
water condenses. After this water 1s extracted, the aïr is warmed 
back to 1ts original temperature and sent into the room. In a 
well-designed dehumidifier, the heat that is removed by the 
cooling coil mostly comes from the condensation of water 
vapor to liquid, and this heat 1s used to re-warm the air. EstI- 
mate how much water Is removed In 1.0h by an ideal 
dehumidifier, 1ƒ the temperature of the room 1s 25°C, the 
water condenses at 8°C, and the dehumidifler does work at 
the rate of 600W of electrical power. (See Sections 15-6, 
13-12, and 14-5.) 

Trees offsefting CO;. Trees can help offset the buildup of 
CO; due to burning coal and other fossil fuels. CO; can be 
absorbed by tree foliage. Trees use the carbon to 8rOW, 
and release O; into the atmosphere. Suppose a refrigerator 
uses 600 KWh of electricity per year (about 2 x 10?1]) from 
a 33% efficlent coal-fired power plant. Burning 1 kg of coal 
releases about 2 x 107J of energy. Assume coal ¡s all 
carbon, which when burned in air becomes CO;. (z) How 
much coal is burned per year to run this refrigerator? 
(b) Assuming a forest can capture 1700 kg of carbon per 
hectare (= 10,000 m”) per year, estimate how many square 
meters of forest are needed to capture the carbon (in the 
form now of CO;) emitted ïn (4). 


E: (©). 
E: (z) Heat @L comes from outside to conserve energy; 


(b) 560 W. 
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Electric Charge and 
Electric Field 


CHAPTER-OPENING QUESTION——Guess now! 


Two identical tiny spheres have the same electric charge. If their separation 1s 
doubled, the force each exerts on the other wIll be 

(a) half. 

(b) double. 

(€) four times larger. 

(đ) one-quarter as large. 

(e) unchanged. 


he word “electricity” may evoke an image of complex modern technology: 

lights, motors, electronics, and computers. But the electric force plays an 

even deeper role In our lives. According to atomic theory, electric forces 
between atoms and molecules hold them together to form liquids and solids, and 
electric forces are also involved in the metabolic processes that occur within our 
bodIes. Many of the forces we have dealt with so far, such as elastic forces, the 
normal force, and friction and other confact forces (pushes and pulls), are now 
considered to result from electric forces acting at the atomic level. Gravity, on 
the other hand, is a separate force. 


TAs we discussed in Section 5-9, physicists in the twentieth century came to recognize four different 
fundamental forces in nature: (1) gravitational force, (2) electromagnetic force (we will see later that 
electric and magnetic forces are intimately related), (3) strong nuclear force, and (4) weak nuclear 
force. The last two forces operate at the level of the nucleus of an atom. Recent theory has combined 
the electromagnetic and weak nuclear forces so they are now considered to have a common origin 
known as the electroweak force. We discuss the other forces in later Chapters. 


This comb has acquired a static 
electric charge, either from 
passing throuph haïr, or being 
rubbed by a cloth or paper towel. 
The electrical charge on the 
comb Induces a polar1zation 
(separation of charge) in scraps 
Of paper, and thus attracts them. 

Our introduction to electricity 
1n this Chapter covers conductors 
and Insulators, and Coulombs 
law which relates the orce 
between two point charges as a 
function of their distance apart. 
W© also Introduce the powerful 
concept of electric field. 
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“Z4, (b) 
FIGURE 16-1 (a) Rub a plastic 
ruler with a cloth or paper towel, 
and (b) bring it close to some tiny 
pIeces OŸ paper. 


FIGURE 16-2 Like charges repel 
one another; unlike charges attract. 
(Note color coding: we color posItIve 
charged obJjects pink or red, and 
negative charges blue-green. We use 
these colors especially for point 
charges, but not always for real 
obJectfs.) 


NGG 


(a) Two charged plastic rulers repel 


2 


(b) Two charged glass rods repel 


2 e 


(c) Charged glass rod attracts ' 
charged plastic ruler 


LAW OFCONSERVATION 
OFELECTRIC CHARGE 
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The earliest studies on electricity date back to the ancients, but only since the 
late 1700s has electricity been studied in detail. We will discuss the development 
of Ideas about electricity, including practical devices, as well as 1s relation to 
magnetism, In the next seven Chapters. 


16-1 Static Electricity; Electric Charge 
and Its Conservation 


The word #lecfricify comes from the Greek word elekfron, which means “amber.” 
Amber 1s petrified tree resin, and the ancients knew that 1ƒ you rub a plece of 
amber with a cloth, the amber attracts small pieces of leaves or dust. A plece of 
hard rubber, a glass rod, or a plastic ruler rubbed with a cloth wIll also display 
this “amber effect,” or stafic electricity as we call it today. You can readily pick up 
small pieces of paper with a plastic comb or ruler that you have Just vigorousÌy 
rubbed with even a paper towel. See the photo on the previous page and Fig. 16-1. 
You have probably experienced sfatic electricity when combing your haIr or when 
taking a synthetic blouse or shirt from a clothes dryer. And you may have felt a 
shock when you touched a metal doorknob after sliding across a car seat or walking 
across a synthetic carpet. In each case, an obJect becomes “charged” as a result of 
rubbing, and 1s said to possess a net elecfric charge. 

1s all electric charge the same, or 1s there more than one type? In fact, there 
are f4oo types of electric charge, as the following simple experiments show. A plastic 
ruler suspended by a thread 1s vigorously rubbed with a cloth to charge 1t. When 
a second plastic ruler, which has been charged in the same way, 1s broupht close 
to the first, 1t 1s found that one ruler repels the other. Thĩs 1s shown 1n Elg. 16—2a. 
Similarly, 1f a rubbed glass rod 1s brought close to a second charged glass rod, 
again a repulsive force 1s seen to act, Fig. 16—2b. However, 1f the charged glass 
rod 1s brought close to the charged plastic ruler, 1t 1s found that they a/rací each 
other, Fig. 16—2c. The charge on the glass must therefore be different from that on 
the plastic. Indeed, 1t 1s found experimenfally that all charged obJects fall nto one 
Of two categories. Either they are attracted to the plastic and repelled by the glass; 
or they are repelled by the plastic and attracted to the glass. Thus there seem to be 
two, and only two, types of electric charge. Each type of charge repels the same type 
but afttracts the opposite type. That 1s: unlike charges atfractf; like charges repel. 

The two types of electric charge were referred to as posifive and negafive by 
the American statesman, philosopher, and sclentist Benjamin Franklin (1706—1790). 
The choice of which name went with which type of charge was arbitrary. Franklin's 
choice set the charge on the rubbed glass rod to be positive charge, so the charge 
on a rubbed plastic ruler (or amber) 1s called negative charge. We still follow this 
convention today. 

Franklin argued that whenever a certain amount of charge 1s produced on one 
obJect, an equal amount of the opposite type of charge 1s produced on another 
obJect. The posifive and negative are to be treated algebraically, so during any 
process, the net change 1n the amount of charge produced 1s zero. For example, 
when a plastic ruler 1s rubbed with a paper towel, the plastic acquires a negafIve 
charge and the towel acquires an equal amount of posifive charge. The charges 
are separated, but the sum of the two 1s ZerO. 

Thịs 1s an example of a law that 1s now well established: the law of conservafion 
of electric charge, which states that 


the nef amount of elecfric charge produced in any proCess ÏS Zer0; 
or, sald another way, 
no net elecfric charge can be creafed or desfroyed. 


TỶ one object (or a region of space) acquires a posifive charpe, then an equal 
amount of negative charge will be found 1n neighboring areas or objects. No 
violations have ever been found, and the law of conservation of electric charøe 1s 
as firmly established as those for energy and momenftum. 


16-2 Electric Charge in the Atom 


Only within the past century has 1t become clear that an understanding of electric- 
1y OrIginafes Inside the atom 1(self. In later Chapters we will discuss atomic strucfure 
and the Ideas that led to our present view of the atom 1n more detail. But it will 
help our understanding of electricity 1Ÿ we discuss 1t briefly now. 

A simplified model of an atom shows 1t as having a tiny but massive, posifIvely 
charged nucleus surrounded by one or more nesatively charged electrons (Fig. 16—3). 
The nucleus contains protons, which are positively charged, and neutrons, which 
have no net electric charge. All protons and all electrons have exactly the same 
magmifude of electric charge; but theïr signs are opposite. Hence neutral atoms, 
having no net charge, contain equal numbers oŸ protons and electrons. Sometimes 
an atom may lose one or more oŸ1ts electrons, or may gan extra electrons, in which 
case 1t wIll have a net posifIve or negative charge and 1s called an ion. 

In solid materials the nuclei tend to remain close to fixed positions, whereas 
some of the electrons may move quite freely. When an obJect 1s 0euíral, 1t contains 
equal amounfs of posifive and negative charge. The charging of a solid obJect by 
rubbing can be explained by the transfer of electrons from one obJect to the other. 
'When a plastic ruler becomes negaftively charged by rubbing with a paper towel, 
electrons are transferred from the towel to the plastic, leaving the towel with a 
posifive charge equal in magnitude to the negative charge acquired by the plastic. 
In quids and gases, nucle1 or Ions can move as well as electrons. 

Normally when objects are charged by rubbing, they hold the1r charge only 
for a limited time and eventually return to the neutral state. Where does the 
charge go? Usually the excess charge “leaks off” onto water molecules In the ar. 
Thịs 1s because water molecules are polar——that 1s, even though they are neutral, 
theIr charge 1s not distributed uniformly, Fig. 16—4. Thus the extra electrons on, 
say, a charged plastic ruler can “leak off” into the alr because they are attracted 
to the posifive end of water molecules. A positively charged obJect, on the other 
hand, can be neutralized by transfer of loosely held electrons from water mole- 
cules In the air. On dry days, static electricity 1s much more noticeable since the 
aIr confains fewer wafter molecules to allow leakage of charge. On humid or rainy 
days, 1t 1s difficult to make any obJect hold a net charge for long. 


I6—3 Insulators and Conductors 


Suppose we have two metal spheres, one highly charged and the other electrically 
neutral (Eig. 16—5a). IÝ we now place a metal object, such as a nail, so that it touches 
both spheres (Fig. 16-5b), the previously uncharged sphere quickly becomes 
charged. IÉ instead, we had connected the two spheres by a wooden rod or a plece 
of rubber (Eig. 16—5c), the uncharged ball would not become noticeably charged. 
Materials like the 1ron nail are said to be conducfors of electricity, whereas wood 
and rubber are nonconducfors or insulators. 

Metals are generally good conductors, whereas most other materlals are 
insulators (althouph even insulators conduct electricity very sliphtly). Nearly all 
natural materials fall into one or the other of these two distinct catepOTIes. 
However, a few materials (notably silicon and øermanium) fall into an intermediate 
category known as semiconducfors. 

From the atomic point of view, the electrons In an Insulating material are 
bound very tightly to the nuclei. In a good metal conductor, on the other hand, 
some of the electrons are bound very loosely and can move about freely within the 
metal (although they cannot /eze the metal easily) and are often referred to as 
free electrons or conducfion elecfrons. When a positively charged object is brought 
close to or touches a conductor, the free electrons 1n the conductor are attracted 
by this positively charged obJect and move quickly toward 1t. If a negatively 
charged obJect 1s brought close to the conductor, the free electrons 1n the con- 
ductor move swIftly away from 1t. In a semiconductor, there are many fewer free 
electrons, and In an 1nsulator, almost none. 

SECTION 16-3 


Insulators and Conductors 


FIGURE 16-3 Simple model of the 
atom. 


FIGURE 16-4 Diagram of a water 
molecule. Because 1t has OopposIte 
charges on different ends, it is called 
a “polar” molecule. 


FIGURE 16-5 (a) A charsed metal 
sphere and a neutral metal sphere. 
(b) The two spheres connected by a 
conductor (a metal nail), which 
conducts charge from one sphere to 
the other. (c) The original two spheres 
connected by an Insulator (wood); 
almost no charge 1s conducted. 
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(a) Neutral metal rod 


A 
€~ passage 
Charged B 
metal object tiớP 0 
(b) Metal rod acquires 


charge by contact 


FIGURE 16-6 A neutral metal rod 
in (a) will acquire a posifive charge 
1ƒ placed in contact (b) with a 
positively charged metal obJect. 
(Electrons move as shown by the 
green arrow.) This is called charging 
by conduction. 


FIGURE 16-9 A charged object 
brought near a nonconducfor causes 
a charge separation within the 
nonconductor”s molecules. 


Nonconductor 


FIGURE 16-10 Electroscope. 


Insulator 
Metal 
Gold 
leaves Gilass 


16—4 Induced Charge; the Electroscope 


Suppose a posifively charged metal object A 1s brought close to an uncharged 
metal oblect B. If the two touch, the free electrons in the neutral one are attracted 
to the positively charged obJect and some of those electrons will pass Over fO If, 
Hig. 16—6. Since obJect B, originally neutral, is now missing some oøÝ 1fs negafive 
electrons, It will have a net positive charge. This process 1s called charging by 
conducfion, or “by contact,” and the two objects end up with the same sign of 
charge. 

Now suppose a positively charged obJect 1s brought close to a neutral metal 
rod, but does not touch 1t. Althoueh the free electrons of the metal rod do not leave 
the rod, they still move within the metal toward the external positive charge, 
leaving a positive charge at the opposite end of the rod (Eig. 16—7b). A charge is said 
to have been /dced at the two ends of the metal rod. No net charge has been created 
1n the rod: charges have merely been separaed. The net charge on the metal rod 
1s stll zero. However, 1 the metal 1s separated Info two pieces, we would have two 
charged objects: one charged positively and one charged negatively. This 1s 
charging by inducfion. 


77) 
Neutral metal rod 1 
++ 


? 
Ci 
| 


ta ki, 
(b)  Metal rod still neutral, but 
with a separation of charge (c) 
FIGURE 16-7 Charzing by induction: FIGURE 16-8 Inducing a 
1ƒ the rod in (b) ïs cut into two parts, charge on an object connected 
each part will have a net charge. to pround. 


Another way to Induce a net charge on a metal obJect 1s to first connect 1t 
with a conducting wire to the øround (or a conducting pipe leading Into the 
ground) as shown ïn Eig. 16-8a (the symbol ®© means connected to “øround”). 
The obJect 1s then said to be grounded or “earthed.” The Earth, because 1t 1s sO 
large and can conduct, easily accepts or gIves up electrons; hence 1t acts like a 
reservorr for charge. If a charged obJect—say negative this time——Is brought up 
close to the metal oblect, free electrons in the metal are repelled and many of 
them move down the wire Into the Earth, Eig. 16—8b. This leaves the metal posi- 
tively charged. If the wire 1s now cut, the metal obJect wIll have a posifive induced 
charge on it (Eig. 16-8c). If the wire Is cut aƒffer the negative object is moved 
away, the electrons would all have moved from the ground back imnto the metal 
obJect and 1t would be neutral again. 

Charge separation can also be done in nonconductors. If you bring a posifively 
charged obJect close to a neutral nonconductor as shown 1n Fig. 16—9, almost no 
electrons can move about freely within the nonconductor. But they can move 
sliphtly within therr own atoms and molecules. Each oval In Fig. 16—9 represents a 
molecule (not to scale); the negatively charged electrons, attracted to the external 
pOosIftive charge, tend to move 1n 1ts direction within their molecules. Because the 
negative charges In the nonconductor are nearer to the external positIve charge, 
the nonconductor as a whole is attracted to the external positive charge (see the 
Chapter-Opening Photo, page 443). 

An elecfroscope 1s a device that can be used for detecting charge. As shown In 
Fig. 16—10, inside a case are two movable metal leaves, often made of gold foil, 
connected to a metal knob on the outside. (Sometimes only one leaf is movable.) 
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TỶ a positively charged oblect 1s broupht close to the knob, a separation of charge 
1s induced: electrons are attracted up Iinto the knob, and the leaves become posI- 
tively charged, Fig. 16—11a. The two leaves repel each other as shown, because they 
are both posifively charged. I£, mstead, the knob 1s charged by conduction 
(touching), the whole apparatus acquires a net charge as shown ¡n Fig. 16—11b. 
In either case, the greater the amount of charge, the greater the separation of 
the leaves. 

Note that you cannot tell the sign of the charge In this way, since negafIve 
charge will cause the leaves to separate Just as much as an equal amount of 
posIfive charge; In either case, the two leaves repel each other. An electroscope 
can, however, be used to determine the sign of the charge 1Ý It 1s fñirst charged by 
conduction: say, negatively, as in Fig. 16—12a. Now 1ƒ a negative obJect 1s brought 
close, as 1n Eig. 16—12b, more electrons are induced to move down 1nto the leaves 
and they separate further. If a positive charge 1s brought close Instead, the 
electrons are Iinduced to flow upward, so the leaves are less negative and the1r 
separation 1s reduced, Eig. 16—12c. 

The electroscope was used In the early studies of electricity. The same 
principle, aided by some electronics, 1s used in much more sensifive modern 
elecfromefers. 


l6-5 Coulomb's Law 


We have seen that an electric charge exerts a force of attraction or repulsion on 
other electric charges. What factors affect the magmitude of this force? To fnd an 
answer, the French physicist Charles Coulomb (1736—1806) investigated electric 
forces in the 1780s using a torsion balance (Eig. 16—13) much like that used by 
Cavendish for his studies of the gravitational force (Chapter 5). 

Precise Instruments for the measurement of electric charge were not available 
in CoulomBs time. Nonetheless, Coulomb was able to prepare small spheres with 
different magnitudes of charge in which the rzíio of the charges was known.” 
Although he had some difficulty with induced charges, Coulomb was able to 
argue that the electric force one tiny charged obJect exerts on a second tiny charged 
obJect 1s directly proportional to the charge on each ofthem. That 1s, 1ƒ the charge 
on either one of the oblJects 1s doubled, the force 1s doubled; and 1f the charge 
on both of the objects 1s doubled, the force Increases to four times the original 
value. This was the case when the distance between the two charges remained the 
same. If the đistance between them was allowed to Increase, he found that 
the force decreased with the sguare öƒ the đistance between them. That 1s, 1f the 
distance was doubled, the force fell to one-fourth of 1s oripimal value. Thus, 
Coulomb concluded, the magnitude of the force # that one small charged oblject 
exerfs on a second one 1s proportional to the product of the magnitude of the 
charge on one, Ó;, times the magnitude of the charge on the other, Ó;, and 
Iinversely proportional to the square of the distance r between them (Fïig. 16—14). 
As an equation, we can write Coulomb?s law as 


C, 


r 


F=k [magnitudes] (16-1) 


where k is a proportionality constant. 


?Coulomb reasoned that if a charged conducting sphere is placed in contact with an identical uncharged 
sphere, the charge on the first would be shared equally by the two of them because of symmetry. He 
thus had a way to produce charges equal to š, ‡, and so on, of the original charge. 

ŸThe validity of Coulombs law today rests on precision measurements that are much more sophisticated 
than Coulombs original experiment. The exponent 2 on r in Coulomb?s law has been shown to be 
accurate to 1 part in 10!5 [thatis, 2 + (1 x 1019]. 


(b) 
FIGURE 16-11 Electroscope charpged 
(a) by induction, (b) by conduction. 


FIGURE 16-12 A previously 
charged electroscope can be used to 
determine the sign of a charged object. 


(a) L (c) 
X= 


FIGURE 16-13 Coulombs apparatus: 
when an external charged sphere 1s 
placed close to the charged one on the 
suspended bar, the bar rotates sliphtly. 
The suspending fiber resists the 
twisting motion, and the angle of twist 
1S proportional to the force applied. With 
this apparatus, Coulomb Investigated 
how the electric Íorce varles as a 
function of the magnitude of the charøes 
and of the distance between them. 
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FIGURE 16-14 Coulomb's law, 

Eq. 16-1, g1ves the force between two 
poInt charges, Ó¡ and Ó;, a distance r 
apart. 


Ói O› 
®-—r—~+e® 
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Fla = force on Í Fat = force on 2 
due to 2 due to Í 
Fị; ‹ ® @ » Bị 
l 2 
(a) 
l 
(b) 
F F 
+ 12 21 - 
l 2 
(c) 


FIGURE 16-15 The direction of the 
static electric force one point charge 
exerts on another 1s always along the 
line Joining the two charges, and 
depends on whether the charges 
have the same sign as in (a) and (b), 
Or Opposife signs (€). 


COULOMBSLAW 
(in terms öƒ eg) 
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As we Jjust saw, Coulombs law, Eq. 16-1, 
k co : 


r 


F= [magnitudes] (16-1) 


gIves the magniixde oŸ the electric force that either charge exerts on the other. 
The đirection of the electric force 7s a0ays along the line Joining the tuuo charges. 
TỶ the two charges have the same sign, the force on either charge 1s directed away 
from the other (they repel each other). If the two charges have opposite siøns, 
the force on one 1s directed toward the other (they attract). See Fig. 16-15. 
Notce that the force one charge exerts on the second 1s equal but opposite to 
that exerted by the second on the first, in accord with Newton” third law. 

The ST unit of charge ¡s the eoulomb (C). The precise definition of the coulomb 
today 1s In terms of electric current and magnetic field, and will be discussed later 
(Section 20~6). In SI units, the constant k ¡in CoulomBs law has the value 

k = 8.988 x 10?N-m”/C? 
or, when we only need two significant figures, 

k x 90x 10?N-m/C?. 
Thus, 1C 1s that amount of charge which, If placed on each of two point 
oblJects that are 1.0m apart, wIll result in each object exerting a force of 
(9.0 x 10?N-m”/C?)(1.0 C)(1.0 C)/(1.0m)? = 9.0 x 10?N on the other. This 
would be an enormous force, equal to the weight of almost a million tons. We 
rarely encounter charges as large as a coulomb. 

Charges produced by rubbing ordinary obJects (such as a comb or plastic 
ruler) are typically around a microcoulomb (1 „C = 10®C) or less. Objects that 
carry a positive charge have a deficit of electrons, whereas negatively charged 
obJects have an excess of electrons. The charge on one electron has been deter- 
mined to have a magnitude of about 1.6022 x 10!?C, and ¡s negative. This is the 
smallest charge observed in nature," and because it is fundamental, it is given the 
symbol e and 1s often referred to as the elemenfary charge: 


ý = 16023 10” Œ.4- lLõ x IW”CŒ. 


Note that e 1s defined as a posifive number, so the charge on the electron 1s —e. 
(The charge on a proton, on the other hand, is +.) Since an object cannot gain or 
lose a fraction of an electron, the net charge on any obJect must be an Integral 
multiple of this charge. Electric charge is thus said to be quanfized (existing only 
in điscrete amounts: 1e, 2e, 3e, etc.). Because e is so small, however, we normally 
do not notice this discreteness in macroscopic charges (1 C requires about 1013 
electrons), which thus seem continuous. 

Coulomb law looks a lot like the /ø+0 oƒuniuersal grauitation, F = Gm m;/1', 
which expresses the magnitude of the gravitational force a mass 7; eXerts on a 
mass 7; (Eq. 5-4). Both are inverse square laws (Ƒ œ 1/r?). Both also have a 
proportionality to a property of each obJect——mass for øravity, electric charge for 
electricity. And both act over a distance (that is, there is no need for contact). 
A maJor difference between the two laws 1s that gravity 1s always an attractive force, 
whereas the electric force can be either attractive or repulsive. Electric charge 
comes In two types, positive and negative; øravitaftional mass 1S only posIfIve. 

The constant & 1n Eq. 16—1 1s often written In terms of another constant, eạ, 
called the permitfivify of free spaee. It is related to kby k = 1/47ạ. Coulomb”s 
law can be wriften 


1 
re= Ø6: (16-2) 
47g r7 
where 
1 
— = B5 X 10 #C2JN:mẺ. 
€g ảnh 8.85 x 10 ^“Œ€C“/N-m 


TIn the once common cøs system of units, k is set equal to 1, and the unit of electric charge is called the 
celectrostatic unif (esu) or the statcoulomb. One esu is defined as that charge, on each of two point 
objects 1 cm apart, that g1ves rise to a force of 1 dyne. 

?According to the Standard Model of elementary particle physics, subnuclear particles called quarks 
have a smaller charge than the electron, equal to ‡e or ‡e. Quarks have not been detected directly as 
1solated obJects, and theory indicates that free quarks may not be detectable. 


Equation 16-2 looks more complicated than Eq. 16—1, but other fundamental 
equations we haven't seen yet are simpler In terms oÝ eo rather than &. It doesnt 
matter which form we use since Eqs. 16-1 and 16-2 are equivalent. (The latest 
precise values of e and eạ are given inside the front cover.) 
Equations 16—1 and 16-2 apply to obJects whose size 1s much smaller than 
the distance between them. Ideally, it is precise for point charges (spatial s1ze 
neglipible compared to other distances). For finite-sized objects, It 1s not always 
clear what value to use for z, particularly since the charge may not be distributed 
unformly on the oblects. If the two obJects are spheres and the charge 1s known 
to be distributed uniformly on each, then r is the distance between their cenfers. 
Coulomb's law describes the force between two charges when they are at rest. 
Additional forces come 1nto play when charges are in motion, and wIll be dis- 
cussed In later Chapters. In this Chapter we điscuss only charges at rest, the study 
of which 1s called electrostafies, and Coulombs law g1ves the electrostatic force. 
'When calculating with Coulomb's law, we usually use magnitudes, 1pnoring # PROBLEM SOLVING 
signs of the charges, and determine the direction oŸ a force separately based on 1sezagiudesr Coulombš lau; 
whether the force 1s attracfive or repulsive. md force direction [from signs oƒ charges 


EXERCISEA Return to the Chapter-Opening Ouestion, page 443, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Electric force on electron by proton. Determine the ` 
magnitude and direction of the electric force on the electron of a hydrogen Ñ 
atom exerted by the single proton (Q; = +e) that is the atom's nucleus. Assume 
the average distance between the revolving electron and the proton 1s \ 

r = 0.53 x 10”'°m, Eig.16-16. SẺ 4y "cố 


+ — 
APPROACH To fnd the foree mapniude we use Coulombìs law, 4 % vị ø 
F = kO¡Q;/r? (Eq.16—1), with r = 0.53 x 10'°m. The electron and proton Ị 


\ 


have the same magnitude of charge, e, so Ó¡ = Q; = 1.6 x 10C. / 
SOLUTION The magnitude of the force 1s Z 
Ø@.O; (90x 10°N-m?/C?(16 x 10°C)(16 x 109C) HGURE 16-16 Example 16-1. 
la nu (0.53 x 10”'? m} 
= 82 x 10ỀN. 


The direction of the force on the electron 1s toward the proton, because the 
charges have opposife signs so the force 1s aftracfive. 


CONCEPTUAL EXAMIPLE 16-2 | Which charge exerts the greater force? 
TWwo posifive point charges, Ó¡ = 50C and ; = 1C, are separated by a 


distance f, Eig. 16—17. Which is larger in magnitude, the force that Ó¡ exerts  FIGURE 16-17 Example 16-2. 


on Ó;, or the force that Q; exerts on Ở¡ ? Ø¡ =50 uC Ó;=1 ụC 
e- Ụ „e 
RESPONSE From Coulomb's law, the force on Ở; exerted by Ó; Is 
ø.o 
Ha = k - Ễ - 
The force on Ó; exerted by Ớ) 1s 
Ø@;Ø 
tị = k P : 


which 1s the same magnitude. The equation 1s symmetric with respect to the twO 
charges, so 2¡ = Hạ. 
NOTE Newton third law also tells us these two forces must have equal magnitude. 


| EXERCISE B In Example 16—2, how ¡s the direction of #1; related to the direction of F2 ? 


+ . . 3 ` . Ẵ . . 
fOur convention for units, such as C”/N-mỂ for cọ, means mỂ is in the denominator. That is, 


C?/N-m means C”/(NÑ-m”) and does zø mean (C7/N)-m? = C”-m”/N. 
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Ẻ, 


(a) Two forces acting on an object. 


(b) The total, or net, force is 
EF=FE +E; by the tail-to-tip 
method of adding vectors. 


parallelogram method. 


(đ) F; and E; resolved into their 
x and y components. 


FIGURE 16-18 Review of vector 
addition. 


Keep in mind that Coulombs law, Eq. 16—1 or 16-2, gIves the force on a 
charge due to only owe other charge. If several (or many) charges are present, the 
net force on any one oƒthem t0ill be the Đector sumn öoƒthe ƒorces due to each oƒ the 
others. This principle oŸ superposifion 1s based on experiment, and tells us that 
electric force vectors add like any other vector. For example, 1ƒ you have a system 
Of four charges, the net force on charge 1, say, 1s the sum of the forces exerted on 
charge 1 by charges 2, 3, and 4. The magmitudes of these three forces are determined 
from Coulombs law, and then are added vectorially. 


16-6 Solving Problems Involving 
Coulombs Law and Vectors 


The electric force between charged particles at rest (sometimes referred to as the 
electrostaftic force or as the Coulomb force) is, like all forces, a vector: 1t has both 
magnitude and direction. When several forces act on an object (call them E,, E;, 
efc.), the net force En¿c on the obJect 1s the vector sum of all the forces acting on 1t: 


đu = F; SẼ E, ng, 


Thịs 1s the principle of superpositlon for forces. We studied how to add vectors In 
Chapter 3; then in Chapter 4 we used the rules for adding vectors to obfain the 
net force on an obJect by adding the different vector forces acting on 1t. It might 
be useful now to review Sections 3-2, 3-3, and 3—4. Here 1s a brIef review Of vectOrs. 


Vector Addition Review 


Suppose two vector forces, E;¡ and E;, act on an object (Eig. 16—18a). They can be 
added using the tail-to-tip method (Fig. 16—18b) or by the paralleloøram method 
(Eig. 16—18c), as discussed in Section 3-2. These two methods are useful for 
understanding a given problem (for getting a picture In your mind of what 1s 
going on). But for calculatng the direction and magnitude of the resultant sum, 1t 
1S mOTe precise to use the method of adding components. Figure 16—18d shows 
the forces E, and E; resolved into components along chosen x and y axes (for 
more details, see Section 3-4). From the definitions of the trigonometric functions 
(Figs. 3—11 and 3-12), we have 


Hịy = Fị coS Øy ly — F; cOS 0; 
ly = TH si 0) ly = —È:; sin Ø;. 


We add up the x and y componenfts separately to obtain the components of the 
resultant force F, which are 


FL = Hy + hạy = Hịcos0, + FcOS6;, 

Ty = ly + ly = Hị sin đi "¬ F; sin 6. 
The magnitude of the resultant (or zø/) force Ể is 

P= VFE+ F}. 
The direction of Ê is specified by the angle Ø that F makes with the x axis, which is 
ø1ven by 


tan0 = —- 


Adding Electric Forces; Principle of Superposition 


'When dealing with several charges, 1t 1s helpful to use double subscripts on each 
of the forces Involved. The first subscript refers to the particle ø# which the force 
acts; the second refers to the particle that exerts the force. For example, 1ƒ we 
have three charges, Fạ¡ means the force exerted øw particle 3 by particle 1. 
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As m all problem solving, 1t 1s very Important to draw a diagram, In particular 
a free-body diagram (Chapter 4) for each obJect, showing all the forces acting øn 
that obJect. In applying CoulomBs law, we can deal with charge magnitudes only 
(leaving out minus signs) to get the magnitude of each force. Then determine 
separately the direction of the force physically (along the line Jjoining the two 
particles: like charges repel, unlike charges attract), and show the force on the 
điagram. (You could determine direction first 1ƒ you like.) Finally, add all the forces 
on one obJect together as vectors to obtain the net force on that oblect. 


EXAMPLE 16-3 ¡ Three charges in a line. Three charged particles are 
arransgcd In a line, as shown in Fig. 16—19a. Calculate the net electrostatic force 
on particle 3 (the —4.0 C on the right) due to the other two charges. 
APPROACH The net force on particle 3 is the vector sum of the force E:¡ 
exerted on particle 3 by particle 1 and the force l¿; exerted on 3 by particle 2: 


F = E, + Eu. 


SOLUTION The magnitudes of these two forces are obtained using Coulomb”s 
law, Eq. 16-1: 


Ø:Ơ; 


2 
rãi 


Fị = k 


(9.0 x 10?N-m?/C?)(4.0 x 10”°C)(§.0 x 105C) 


= = 12N, 
(0.50 m)? 
where z;¡ = 0.50m 1s the distance from ; to ;. Similarly, 
Ø:Ø 
# = lý z 2 
Ta 
(9.0 x 10?N-m?/C?)(4.0 x 10 °C)(3.0 x 10 5€) ni 


(0.20 m)? 


Since we were calculating the magnitudes of the forces, we omitted the signs of 
the charges. But we must be aware of them to get the direction of each force. 
Let the line Joining the particles be the x axIs, and we take 1t positive to the ripht. 
Then, because E$¡ is repulsive and E;; is attractive, the directions of the forces 
are as shown ïn Eig. 16—19b: #2¡ points in the positive x direction (away from )) 
and #2; points in the negative x direction (toward ;). The net force on 
particle 3 is then 


F = -FH, + Hạ 
= -—27N+12N = -I1.5N. 


The magmitude of the net force 1s 1.5 N, and 1t points to the left. 

NOTE Charge Ợ; acts on charge ; just as 1Ï Ó; were not there (this is the 
prmeciple of superposition). That 1s, the charge in the middle, Ó;, in no way 
blocks the effect of charge Ở; acting on @;. Naturally, @; exerts 1(s own force 


on @;. 


EXERCISE €_Determine the magnitude and direction of the net force on charge Ó; in 
Fig. 16—19a. 


~——0.30 m——>|~0.20 m>| 
Q ®—@-: 
Ø¡= Ó;= Ø;= 
~8.0 C +3.0C_ —4.0 C 
(a) 


y 
L_ : E; = LÊN 
G 


(b) 
FIGURE 16-19 Example 16-3. 


Â*CAUTION 


Each charge exerfs is OtUn ƒOrce. 
No charge blocks the effect oƒ 


the others 
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FIGURE 16-20 Determining the 
forces for Example 16-4. (a) The 
directions of the Iindividual forces 
are as shown because ; 1S TeDulSIVe 
(the force on Ós is in the direction 
away from ; because 3> and Óz; are 
both positive) whereas Bị is 
attractive (Ós and Ớ¡ have opposite 
SI8nS), SO EFị points toward Ớ\. 

(b) Adding E; to Es¡ to obtain the 
net force E. 


y 
Tàyy 
- 
5 `se, 
= y 
œ® No 
Ó›=+50 uC U G * 
2= +50 b 
se U Ø¡ =—86 uC Bị 
(a) (b) 


Electric force using vector components. Calculate the 
net electrostatic force on charge @; shown 1n Eig. 16—20a due to the charges 
Ó¡ and Ó;. 

APPROACH We use Coulomb's law to find the magnitudes of the individual 
forces. The direction of each force wIll be along the line connecting Œ; to ) 
or Ó;. The forces E;¡ and E;; have the directions shown in FHig. 16—20a, since 
Ó; exertfs an aftractive force on Ở›, and Ó; exerts a repulsive force. The forces E¡ 
and E››; are noí along the same line, so to fnd the resultant force on Q3 we resolve 
E;¡ and E›; into x and y components and perform the vector addition. 


SOLUTION The magnitudes of Ê:¡ and Ê; are (ignoring signs of the charges 
since we know the directions) 


90 x 10N-m”/C?)\(6.5 x 10 5C)(8.6 x 103C 
F,= „2© — ( mỸ/ X X ) = 140N, 
#n (0.60 m)? 
9,0 x 102N-mˆ”/C?)\(6.5 x 105C€)(5.0 x 105C 
Eue „9 " ( mỸ/ X X ) — 325N. 
rằ (0.30 m)? 


(We keep 3 sipgnificant fipgures until the end, and then keep 2 because only 2 are 
given.) We resolve E¿¡ into ifs components along the x and y axes, as shown in 
Fig. 16—20a: 


Hạy = Hcos300 = (140N)cos30° = 120N, 
Fạy = —H¡sn30° = —(140N)sin30° = —70N. 
The force E¿; has only a y component. So the net force Ê on Ở; has components 
Fy = Hạy = 120N, 
ly = Hạ + Hạy = 325N — 70N = 255N. 


The magnitude of the net force 1s 


F = VF‡+ Fÿ = N/((20Nỷ + (255N}? = 280N; 


and ïf acts at an angle Ø (see Fig. 16—20b) given by 


li 255N 

Bộ 
tanØ = = = 2.13, 
¬ Ty 120N 


so Ø = tan !(2.13) = 65°. 

NOTE Because E;, and E;; are not along the same line, the magnitude of E; is 
not equal to the sum (or difference as in Example 16-3) of the separate magni- 
tudes. That 1s, 2 1s not equal to 2¡ + 2;; nor does 1t equal #2; — H¡. Instead 
we had to do vector addition. 
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CONCEPTUAL EXAMIPLE 16-5 | Make the force on Q; zero. In Fig. 16-20, 


where could you place a fourth charge, Ó¿ = —50 C, so that the net force on 
; would be zero? 


RESPONSE By the principle of superposition, we need a force In exactly the 
opposite direction to the resultant Ê due to Ở; and Ó; that we calculated in 
Example 16-4, Fig. 16—-20b. Our force must have magnitude 290N, and must 
point down and to the left of Ó; in Fig. 16-20b, in the direction opposite to E. 
So Ở¿ must be along this line. See Eig. 16-21. 


| EXERCISE D In Example 16—5, what distance r must @¿ be from Óx ? 


EXERCISE E (a) Consider two point charges, + and —OƠ, which are fixed a distance đ 
apart. Can you fnd a location where a third positive charge @ could be placed so that HIGURE 16-21 Example 16-5 and 


the net electric force on this third charge 1s zero? (b) What If the first two charges were Exercise D: Ó¿ exerts force (E5¿) that 
both +@? makes the net force on 3 zero. 


16—Z The Electric Field 


Many common forces might be referred to as “contact forces,” such as your hands 
pushing or pulling a cart, or a tennis racket hitting a tennis ball. 

In contrast, both the gravitational force and the electrical force act overadis- FIGURE 16-22 An electric field 
tance: there 1s a force between two obJecfs even when the obJects are not touching.  surrounds every charge. The red 
The idea of a force acfing at a distance was a difficult one for early thinkers.  linesindicate the electric field 
Newton himself felt uneasy with this idea when he published his law of universal  extending out from charge Ở, and 
gravitation. A helpful way to look at the situation uses the iđea of the field, devel-  Pisan arbitrary point. 
oped by the British scientist Michael Faraday (1791—1867). In the electrical case, 
according to Faraday, an elecfric ƒield extends outward from every charge and 
permeates all of space (Eig. 16-22). If a second charge (call it Ó;) is placed near ) 
the first charge, It feels a force exerted by the electric field that 1s there (say, at 
point Pin Eig. 16-22). The electric field at point P is considered to interact directly 
with charge Ở; to produce the force on Ó;. 

We can In principle 1nvestigate the electric field surrounding a charge or 
øroup of charges by measuring the force on a small positive test charge which 1s 
at rest. By a test charge we mean a charge so small that the force 1t exerts does 
not significantly affect the charges that create the field. IỶ a tiny positive test 
charge g 1s placed at varIous locations 1n the vicimty oŸ a single posifive charge Q 
as shown In Fig. 16-23 (points A, B, C), the force exerted on đ is as shown. The FIGURE 16-23 Force exerted by 
force at B is less than at A because B”s distance from Ó ¡s greater (Coulomb?s  charge +@ on a small test charge, đ, 
law); and the force at C is smaller still. In each case, the force on g is directed  Placed at points A, B, and C. 
radially away from Ở. The electric field is defined in terms of the force on such a F 
positive test charge. In particular, the electric field, E, at any point In space 1s 
defined as the force Ê exerted on a tiny positive test charge placed at that point | 
divided by the magmitude of the test charge đ: 

(16-3) ⁄ B 
Eạ 


More precisely, E is defined as the limit of Ê/4 as g is taken smaller and smaller, 
approaching zero. That 1s, 1s sO tiny that 1t exerts essentially no force on the 
other charges which created the field. From this definition (Eq. 16—3), we see that 
the electric field at any poInt In space 1s a vector whose direction 1s the direcftion 
of the force on a tiny positive test charge at that point, and whose magmitude 1s 
the force per unit charge. Thus Ê has ST units of newtons per coulomb (N/C). 

The reason for defining Ê as Ể/¿ (with g —> 0) is so that E does not depend 
on the magnitude of the test charge g. This means that E describes only the effect 
Of the charges creating the electric field at that poInt. 


S | 
| 
©@) 
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FIGURE 16-24 (a) Electric field at 
a given poïnt in space. (b) Force on a 
positive charge at that poïnt. (c) Force 
on a negative charge at that point. 


đÒpHvysics APPLIED 
Photocopier 


Surface of 
drum 


Toner particles 
held to drum surface 
by electric field E 


FIGURE 16-25 Example 16~6. 


FIGURE 16-26 Example 16-7. 
Electric field at poïnt P (a) due to a 
negative charge Ó, and (b) due to a 
posItive charge Ó, each 30 cm from P. 


ì 30 cm > 
® —==-e 
O=-3.0x109C_ E=3.0x 105N/C 
(a) 


® Pe— 
O=+3.0x 106C E=3.0x 105 NÑ/C 
(b) 
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The electric field at any poinf in space can be measured, based on the defimtion, 
Eq. 16-3. For simple situations with one or several point charges, we can calculate E. 
For example, the electric field at a distance r from a single point charge @ would 
have magnitude 


œ~ Ễ „ kaOh” 
q q 
E= kế. Inele point ch 16-4 
= ki [single point charge] (16-4a) 
or, in terms of eạ asin Eq. 16-2 (k = 1/474): 
1 
= sÃ [single point charge]  (16-4b) 
476g 


Notice that # 1s ndependent of the test charge g—that 1s,  depends only on the 
charge @ which produces the field, and not on the value of the test charge g. 
Equations 16—4 are referred to as the electric field form of Coulomb's law. 

If we are given the electric field Ê at a given poïnt in space, then we can calcu- 
late the force Ê on any charge ¿ placed at that point by writing (see Eq. 16-3): 


F = 4E. (16-5) 
Thịs 1s valid even 1 đ is not small as long as g does not cause the charges creating 


E to move. Tf g is positive, Ê and E poïnt in the same direction. If z is negative, 
F and E point in opposite directions. See Fig. 16-24. 


Photocopy machine. A photocopy machine works by 
arranging positive charges (In the paftern to be copied) on the surface of a drum, 
then gently sprinkling negatively charged dry toner (ink) particles onto the drum. 
The toner particles temporarily stick to the pattern on the drum (Hig. 16—25) and 
are later transferred to paper and “melted” to produce the copy. Suppose each 
toner particle has a mass of 9.0 x 10kg and carries an average of 20 extra 
electrons to provide an electric charge. Assuming that the electric force on a 
toner particle must exceed twice 1ts weight in order to ensure sufficient attraction, 
compute the required electric field strength near the surface of the drum. 
APPROACH The electric force on a toner particle of charge g = 20e 1s F = qE, 
where # is the needed electric field. This force needs to be at least as greaft as 
twice the weight (zg) of the particle. 


SOLUTION The minimum value of electric field satisfies the relation 
qE 


where ø = 20e. Hence 


2mg 


2mg — 2(9.0  10”“kg)(98m/s”) 


E "¬ 
q 20(1.6 x 10C) 


= 5.5 x 1N/C. 


EXAMPLE 16-7 | Electric field of a single point charge. Calculate the 
magnitude and direction of the electric field at a point P which 1s 30 cm to the 
right of a point charge @ = —3.0 x 10C. 

APPROACH The magnitude of the electric field due to a single point charge 1s 
given by Edq. 16-4. The direction 1s found using the sign of the charge Ở. 
SOLUTION The magnitude of the electric field 1s: 
`. (9.0 x 10?N-m?/C?)(3.0 x 10 °C) 
_-.. (0.30 m)? 
The direction of the electric field 1s £o+oard the charge Ó, to the left as shown 1n 
Fig. 16—26a, since we defined the direction as that of the force on a positive tesf 
charge which here would be attractive. If @ had been positive, the electric field 
would have pointed away, as in Fig. 16—26b. 


= 3.0 x 10N/C. 


NOTE There is no electric charge at point P. But there is an electric field there. 
The only real charge 1s Ó. 


This Example illustrates a general result: The electric field E due to a positive 
charge poInts away from the charge, whereas E due to a negative charge poInfs 
toward that charge. 


EXERCISE F Find the magnitude and direction of the electric field due to a —2.5 C 
charge 50 cm below 1t. 


TỶ the electric ñield at a øg1ven point In space 1s due to more than one charge, 
the individual fields (call them E;¡, E;, etc.) due to each charge are added vecto- 
rially to get the total field at that pomt: 


E = E¡+E;+---. 
The validity of this superpositfion principle for electric fields 1s fully confirmed by 
experIment. 


Ê at a point between two charges. Two point charges 
are separated by a distance of 10.0 em. One has a charge of —25 C and the 
other +50 C. (a) Determine the direction and magnitude of the electric field at 
a point P between the two charges that 1s 2.0 cm from the negative charge 
(Eig. 16-27a). (b) If an electron (mass = 9.11 x 103! kg) is placed at rest at P 
and then released, what wIll be its initial acceleration (direction and magnitude)? 


li ái uC P b22 3ml)" Ã DÂN 
<=rị =2.0cm-~l< rạ=8.0cm 
() FIGURE 16-27 Example 16-8. In (b), 
P 

we don't know the relative lengths of 

Ói Ể¿ Ó; E¡ and E; until we do the calculation. 

- —' k 

Ẻ› () 


APPROACH The electric field at P will be the vector sum of the fields created 
separatfely by Ó; and ỞØ;. The field due to the negative charge Ở; points toward Ó;, 
and the field due to the positive charge Ó; points away from ;. Thus both 
fields point to the left as shown In Eig. 16—-27b, and we can add the magnitudes 
of the two fields together alpebraically, ignoring the siens of the charges. In (b) we 
use Newton's second law ( SE = mä) to find the acceleration, where SE = g SE. 
SOLUTION (øa) Each field is due to a point charge as given by Eq. 16-4, 
E = kQ/r”. The total field poïnts to the left and has magnitude 

v9.9 - (9 : ) 

l@i r2 lZi r2 


b 


25 x 105 50 x 105 
(9.0 x 10! N:n8/C)| : S) 


+ 
(2.0 x 107m} (80 x 107m 


6.3 x 108N/C. 


(b) The electric field points to the left, so the electron will feel a force to the 

righr since 1t is negatively charged. Therefore the acceleration ø = #Ƒ/m (Newton 

second law) will be to the ripht. The force on a charge Z in an electric field E ¡s 

F = qEÈ (Ea. 16-5). Hence the magnitude of the electron”s Initial acceleration 1s 
F— qE — (160 x 10C)(6.3 x 108N/C) 


8 = = = =ê = 1,1 X 1ữm/s”. 
mm 9.11 x 10'3'kg 


NOTE By considering the directions of each field (E; and E;) before doing any 
calculations, we made sure our calculation could be done simply and correctÌy. 


EXERCISE G Four charges of equal magnitude, but possibly different sign, are placed on 
the corners of a square. What arrangement of charges will produce an electric field with 
the greatest magnitude at the center of the square? (z) AlI four positive charges; (b) all 
four negative charges; (c) three positive and one negative; (đ) two positive and two 
negative; (e) three negative and one poSitIve. 
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FIGURE 16-28 Calculation of the 
electric field at point A, Example 16-9. 


jỂ|rnosLEM SOLVING 


lgnore signs Oƒ charges and 
determine direcion physically, 
shouing directions on diagram 


QoLVIMC 


bà 


ŒA Electric Fields 


'Whether you use electric field or electrostatic forces, the 
@ Drocedure for solving electrostatics problems Is similar: 


Electrostatics: Electric Forces and 


1. Draw a careful diagram——namely, a free-body dia- 


EXAMPLE 16-9 | E above two point charges. Calculate the total electric 
fñield at point A in Eig. 16—28 due to both charges, Ó; and Ó@;. 
APPROACH The calculation 1s much like that of Example 16—4, except now 
we are dealing with electric fields instead of force. The electric field at point A 
1s the vector sum of the fields EA¡ due to Œ¡, and Ea; due to Ó;. We find the 
magnitude of the field produced by each point charge, then we add thetr 
componenis to find the total field at point A. 
SOLUTION The magnitude of the electric field produced at point A by each of 
the charges Ở¡ and Ó; is given by # = kQ/', so 


(9.0 x 10N-m”/C?)(50 x 10 5C) 


Bài = (060m)? = 1.25 x 10®N/C, 
(9.0 x 10N-m”/C?)(50 x 105C) : 
(030 mÿ = 5.0 x 109N/C. 
` 1m 


The direction of #A¡ points from A toward ; (negative charpe), whereas FAs; 
pomts from A away from Ó;, as shown; so the total electric fñield at A, EA, has 
components 


EAx 


EAy = 


= Faicos30° = 1.1 x 10N/C, 
Ea; — Eaisin30° = 4.4 x 105N/C. 


Thus the magnitude of Ê, is 
(1.1)? + (4.4)? x 10°N/C = 4.5 x 10°N/C, 


and is direction is ở (Eig. 16-28) given by tan ¿ = EAy/EAy = 4.4/1.1 = 40, 
so ở = 767. 


]t1s worthwhile summar1zIng here what we have learned about solving electrostatics 
problems. 


— charge. Show and label each vector force or field 
on your diagram. 

2. Apply Coulomb3s law to calculate the magnitude of 
the force that each contributing charge exerts on a 
charged obJect, or the magmitude of the electric field 
each charge produces at a g1ven point. Deal only with 


gram for each oblect, showing all the forces acting 
on that object, or showing the electric field at a point 
due to all sigmficant charges present. Determine the 
direcfion of each force or electric fñield physically: 
like charges repel each other, unlike charges attract; 
ñields point away from a + charge, and toward a 


magnitudes of charges (leaving out minus signs), and 
obtaIn the magnitude of each force or electric field. 


. Add vecforially all the forces on an object, or the 


contributing fields at a point, to get the resultant. se 
symmefry (say, in the geometry) whenever possible. 


EXAMPLE_ 16-10 | E equidistant above two point charges. Figure 16-29 (top 
Of next page) Is the same as Fig. 16-28 but includes point B, which is equidistant 
(40 cm) from Ở; and Ó;. Calculate the total electric ñield at point B m Fig. 16-29 
due to both charges, ; and Ó;. 

APPROACH We explicitly follow the steps of the Problem Solving Strategy 
above. 
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SOLUTION 


1. Draw a careful diagram. The direcfions of the electric fields Es¡ and Êạ;, as 
well as the net field Es, are shown in Fig. 16-29. Ép; points away from the 
pOoSIfive charge Ó;; Eạị points toward the negative charge Ó;. 

2. Apply Coulomb?s law to find the magnitudes of the contributing electric 
fields. Because B is equidistant from the two equal charges (40 cm by the 
Pythagorean theorem), the magnitudes of #g¡ and #p; are the same; that 1s, 


kQ (9.0 x 10?N-m”/C?\(50 x 10°C) 

2s (0.40 m)? 

3. Add vectforially, and use symmetry when possible. The y components of 
Eạp¡ and Eạ; are equal and opposite. Because of this symmetry, the total 


field g 1s horizontal and equals Eg¡ cosØ + Ep;cos 0 = 2 Egị cos 0. From 
Fig. 16-29, cosØ = 26 cm/40cm = 0.65. Then 


Epg = 2Egicos0 = 2(2.8 x 10°N/C)(0.65) = 3.6 x 105N/C, 


and the đirection of E; is along the +x direction. 


Em = Enạ = = 2.8 x 105N/C. 


16-8 Electric Field Lines 


Since the electric fñield 1s a vector, 1t 1s sometimes referred to as a 0ecfor field. We 
could indicate the electric field with arrows at varIous pOInfs In a ø1ven situation, 
such as at A, B, and Cn Eig. 16-30. The directions of EA. E¿;, and E¿ are the 
same as for the forces shown earlier in Fig. 16-23, but the magnitudes (arrow 
lengths) are different since we divide E by z to get E. However, the relative 
lengths of Ea. EÊ¿, and Ec are the same as for the forces since we divide by the 
same g each time. To indicate the electric field In such a way at any points, 
however, would result in many arrows, which would quickly become cluttered and 
confusing. To avoid this, we use another technique, that of field lines. 

To visualize the electric field, we draw a serles Of lines to Indicate the đirecfion 
of the electric field at various points in space. These electric field lines (or lines of 
force) are drawn to Indicate the direction of the force due to the given field on a 
posiftive test charge. The lines of force due to a single 1solated positive charge are 
shown In Fig. 16—31a, and for a single isolated negative charge mm Fig. 16—31b. In 
part (a) the lines poïnt radially outward from the charge, and in part (b) they poïnt 
radially inward toward the charge because that 1s the direction the force would be 
on a posifive test charge In each case (as in Eig. 16—26). Only a few representative 
lines are shown. We could draw lines in between those shown since the electric field 
exIsts there as well. We can draw the lines so that the nưưnber oƒ lines starting on a 
pOositiue charge, or ending on a negafiue charge, is proporfional to the magnitude 
Oƒ the charge. Notice that nearer the charge, where the electric field 1s greater 
(F œ 1/r”), the lines are closer together. This is a general property of electric 
fñield lnes: íhe closer together the lines are, the stronger the electric field in that 
region. In fact, field lines can be drawn so that the number of lines crossing unIt 
area perpendicular to E is proportional to the magnitude of the electric field. 


FIGURE 16-29 Same as Fig. 16—28 
but with point B added. Calculation 
of the electric field at points A and B 
for Examples 16—9 and 16—10. 


lỂ|rnoBLEM SOLVING 


se SymM€ITV fO SđU6 tUOFẨK, 
tohen possible 


FIGURE 16-30 Electric field vector, 
shown at three poïnts, due to a 
single point charge @. (Compare to 
Fig. 16-23.) 

FIGURE 16-31 Electric field lines 
(a) near a single posifive point 
charge, (b) near a sinele negative 
poInt charge. 


(a) (b) 
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(a) 


(b) 


(d) 
FIGURE 16-32 Electric field lines 
for four arrangements of charges. 


FIGURE 16-33 The Earth's 
øravitational field, which at any 
poïmmt is directed toward the Earth”s 
center (the force on any mass points 
toward the Earth”s center). 


Figure 16-32a shows the electric field lines due to two equal charges of 
Opposifte sign, a combination known as an electric dipole. The electric field lines 
are curved 1n this case and are directed from the posifive charge to the negative 
charge. The direction of the electric field at any point is tangent to the field line at 
that point as shown by the vector arrow E at point P. To satisfy yourself that this 
1s the correct pattern for the electric field lines, you can make a few calculatlons 
such as those done in Examples 16—9 and 16—10 for Just this case (see Fig. 16—29). 
Figure 16—32b shows the electric field lines for two equal positive charges, and 
Hig. 16—32c for unequal charges, —@ and +2. Note that twice as many lines 
leave +2 as enter —@ (number of lines 1s proportional to magnitude of Q). 
FEinally, in Fig. 16-32d, we see In cross section the field lines between two flat 
parallel plates carrying equal but opposite charges. Notice that the electric field 
lines between the two plates start out perpendicular to the surface of the metal 
plates (we will see why this is true in the next Section) and go directly from one 
plate to the other, as we expect because a positive test charge placed between 
the plates would feel a strong repulsion from the positive plate and a strong 
atftracton to the negative plate. The field lines between two close plates are 
parallel and equally spaced in the central region, but frinsge outward near the 
edges. Thus, in the central region, the electric field has the same magmitude at 
all poïnts, and we can wrIte 


between two closely spaced, oppositely 


XIN Qquaai . flat parallel plates | NIEBD) 


The fringing of the field near the edges can often be ignored, particularly 1f the 
separation of the plates is small compared to their height and width.” We summarize 
the properties of field lines as follows: 


1. Electric field lines Indicate the direction of the electric field; the field points 
1n the direction tangent to the field line at any pont. 

2. The lines are drawn so that the magnitude of the electric field, #, 1s DTOpOT- 
tional to the number of lines crossing unit area perpendicular to the lines. 
The closer together the lines, the stronger the field. 


3. Electric field lines start on positive charges and end on negative charges; 
and the number starting or ending 1s proportional to the magnitude of the 
charge. 


Also note that field lines never cross. Why not? Because 1t would not make sense 
for the electric field to have two directions at the same pomt. 


Gravitational Field 


The field concept can also be applied to the gravitational force (Chapter 5). Thus we 
can say that a graviftafional field exists for every obJect that has mass. One obJect 
attracfs another by means of the gravitational field. The Earth, for example, 
can be said to possess a gravitational field (Fig. 16-33) which 1s responsible for 
the gravitational force on obJjects. The graữadonal field 1s defined as the 
ƒorce per unif mass. The magnitude of the Earth”s gravitational field at any point 
above the Earth's surface is thus GMp/r”, where Mứpg is the mass of the Earth, 
r 1s the distance of the point from the Earth”s center, and Ở 1s the gravitational 
constant (Chapter 5). At the Earth”s surface, r 1s the radius of the Earth and the 
øravitational field is equal to ø, the acceleration due to gravity. Beyond the Earth, 
the pravitational field can be calculated at any point as a sum ofterms due to Earth, 
Sun, Moon, and other bodies that contribute significantly. 


“The magnitude of the constant electric field between two parallel plates is given by  = @/«sạA, 
where  ïs the magnitude of the charge on each plate and 4 is the area of one plate. We show this in 
the optional Section 16—12 on Gauss”s law. 
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I6-9 Electric Fields and Conductors 


We now discuss some propertles of conductors. Flrst, (he electric field inside a 
conductor ¡is zero in the stafic situation—that 1s, when the charges are at rest. IỶ 
there were an electric field within a conductor, there would be a force on the free 
electrons. The electrons would move until they reached positions where the electric 
field, and therefore the electric force on them, did become zero. 

This reasoning has some 1nferesting consequences. For one, 4y net charge on 
a conductor distributes itselƒ on the surface. For a negatively charged conductor, 
you can Iimaøzine that the negative charges repel one another and race to the sur- 
face to get as far from one another as possible. Another consequerce 1s the following. 
Suppose that a positive charge Ó 1s surrounded by an isolated uncharged metal 
conductor whose shape 1s a spherical shell, Fig. 16—34. Because there can be no 
field within the metal, the lines leaving the central positive charge must end on 
negative charges on the Inner surface of the metal. That 1s, the encircled charge 
+ induces an equal amount of negative charge, —Œ, on the inner surface of 
the spherical shell. Since the shell is neutral, a positive charge of the same 
magniftude, +, must exist on the oufer surface of the shell. Thus, although no 
field exists in the metal 1tself, an electric field exists oufside of 1t, as shown 1n 
Fig. 16—34, as 1ƒ the metal were not even there. 

A related property of static electric fields and conductors 1s that he electric 
field is aluays perpendicular to the surƒace outside oƒa conductor. lỶ there were a 
component of E parallel to the surface (Eig. 16-35), it would exert a force on free 
electrons at the surface, causing the electrons to move along the surface until 
they reached positions where no net force was exerted on them parallel to the 
surface——that 1s, until the electric field was perpendicular to the surface. 

These properfies apply only to conductfors. Inside a nonconductor, which 
does not have free electrons, a static electric field can exist as we wIll see in the next 
Chapter. Also, the electric field outside a nonconductfor does not necessarily make 
an angle of 90P to the surface. 


FIGURE 16-36 Example 16-11. 


+ + + + + +Ằ+ + dt l + + 
z... .......... 


(a) (œ) 


CONCEPTUAL EXAMIPLE 16-11 | Shielding, and safety in a stom. A neu- 
tral hollow metal box 1s placed between two parallel charged plates as shown 1n 
Fig. 16—36a. What 1s the field like inside the box? 


RESPONSE ITf our metal box had been solid, and not hollow, free electrons in 
the box would have redistributed themselves along the surface until all the1r 
individual fields would have canceled each other mside the box. The net field 
1nside the box would have been zero. For a hollow box, the external field 1s not 
changed since the electrons 1n the mefal can move ]ust as freely as before to the 
surface. Hence the field Inside the hollow metal box 1s also zero, and the field lines 
are shown 1m FEig. 16—36b. A conducting box 1s an effective device for shielding 
delicate 1nstrumentfs and electromc circuifs from unwanted external electric fields. 
We also can see that a relatively safe place to be during a lightning storm 1s Inside 
a parked car, surrounded by metal. See also Eig. 16—37, where a person 1nside a 
pOrous “cage” is protected from a strong electric discharge. (It is not safe In a 
lightning storm to be near a tree which can conduct, or out in the open where 
you are taller than the surroundinøs.) 


FIGURE 16-34 A charge inside a 
neutral spherical metal shell Induces 
charge on Ifs surfaces. The electric 
field exists even beyond the shell, 
but not within the conductor 1tself. 


FIGURE 16-35 Ií the electric field E 
at the surface of a conductor had a 
component parallel to the surface, Eị : 
the latter would accelerate electrons 
1nto motion. In the statIc case, E, must 
be zero, and the electric field must be 
perpendicular to the conductor”s 
surface: Ê = E,. 


Eic-e#s Ẻ 


Good conductor 


FIGURE 16-37 Hiph-voltage “Van 

de Graaff” generators create strong 
electric fields in the vicinity of the 
“Faraday cage” below. The strong field 
accelerates stray electrons In the 
atmosphere to the KE needed to 
knock electrons out of alr atoms, 
causing an avalanche of charge which 
flows to (or from) the metal cage. The 
metal cage protects the person Inside 1t. 


PHYSICS APPLIED 
Electrical shielding 
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*16—1O Electric Forces In Molecular Blology: 
DNA Structure and Replication 


The study of the structure and functioning of a living cell at the molecular level 
@® PHYSICS APPLIED ¡1s known as molecular biology. It is an Important area for application of physics. 
1zrside a celi: The 1nterior ofevery biological cell is mainly water. We can imagine a cell as a thick 


kiefic feory pÏ4s soup of molecules continually in motion (kinetic theory, Chapter 13), colliding with 
clectrostatic ƒorce 


one another with various amounts of kinetic energy. These molecules interact 
with one another because of the elecfrostafic ƒforce between molecules. 

Indeed, cellular processes are now considered to be the result oŸ randơm 
(“thermal”) molecular motion plus the ordering eƒfect oƒthe electrostatic ƒoOrce. AS 
an example, we look at DNA structure and replication. The picture we present 
1s a model of what happens based on physical theories and experimenIt. 

The genetic Information that 1s passed on from generation to generation In all 
living cells 1s contained In the chromosomes, which are made up of genes. Each 
gene contaIns the Information needed to produce a particular type of protein mol- 
ecule, and that Information 1s built into the principal molecule of a chromosome, 

°DNA (deoxyribonucleic acid), Fig. 16-38. DNÑA molecules are made up of many 
FIGURE 16-38 Image of DNA small molecules known as nucleotide bases which are each pø/ar (Section 16-2) 


replicating, made by a transmission  due to unequal sharing of electrons. There are four types of nucleotide bases in 
electron microscope. DNA: adenine (A), cy(osine (C), guanine (G), and thymine (T). 


The DNA ofa chromosơme generally consists of two long DNA strands wrapped 
about one another In the shape of a “double helix.” The genetic Information 1s 
contained ïn the specific order of the four bases (A, C, G, T) along each strand. As 

@® PHYSICS APPLIED showniInEig. 16-39, the two strands are attracted by electrostatic forces——that 1s, 
DNA struc(ure — by the attraction oŸ positive charges to negative charges that exist on parts of the 

molecules. We see in Fig. 16—39a that an A (adenine) on one strand is always OppO- 

site a T on the other strand; similarly, a G 1s always opposite a C. This Important 

ordering effect occurs because the shapes of A, T, C, and G are such that a'T fits 

closely only Into an A, and a G into a C. Only in the case of this close proximity of 

the charged portions 1s the electrostatic force great enough to hold them together 

even for a short time (Fig. 16—39b), forming what are referred to as “weak bonds.” 


Thymine (T) 


| g — _j 
1.11 nm 


FIGURE 16-39 (a) Schematic diasram of a section of DNA 
double helix. (b) “Close-up” view of the helix, showing how 
A and T attract each other and how G and C attract each other 
throuph electrostatic forces. The + and — signs indicated on 
certain atoms represent net charges, usually a fraction of e, 
due to uneven sharing of electrons. The red dots Indicate the 
electrosfatic attraction (often called a “weak bond” or 
“hydrogen bond”—Section 29—3). Note that there are two 
weak bonds between A and T and three between C and Ơ. 
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The electrostatic force between A and TT; and between C and G, exists because 
these molecules have charged parts. These charges are due to some electrons in 
each of these molecules spending more time orbiting one atom than another. 
For example, the electron normally on the H atom of adenine (upper part of 
Fig. 16—39b) spends some oÝ ifs time orbiting the adjacent Ñ atom (more on this 
in Chapter 29), so the N has a net negative charge and the H 1s left with a net posiftive 
charge. This H” atom of adenine ¡s then attracted to the O~ atom of thymine. 
These net + and — charges usually have magnitudes of a fraction of e (charge on 
the electron) such as 0.2e or 0.4e. (This 1s what we mean by “polar” molecules.) 

[When H” ¡s involved, the weak bond it can make with a nearby negative 
charge, such as O”, is relatively strong (partly because H” is so small) and is 
referred to as a hydrogen bond (Section 29—3).] 

When the DNA replicates (duplicates) itself just before cell division, the 
arransement of A opposite TT and G opposite C 1s crucial for ensuring that the 
genetic information 1s passed on accurately to the next generation, Fig. 16-40. 
The two strands of DNA separate (with the help of enzymes, which also operate 
via the electrostatic force), leaving the charged parts of the bases exposed. 


Once replication startfs, let us see how the correct order of bases occurs by 
looking at the G molecule indicated by the red arrow mm Eig. 16-40. Many unat- 
tached nucleotide bases of all four kinds are bouncing around ĩn the cellular 
fluid, and the only type that will experience attraction to our G, 1Ÿ it comes close 
to 1t, wIll be a C. The charges on the other three bases can not get close enough to 
those on the G to provide a significant attractive force—remember that the 
electrostatic (Coulomb) force decreases rapidly with distance (œ 1/r?). Because 
the G does not attract an A, T, or G appreciably, an A, T; or G will be knocked 
away by collisions with other molecules before enzymes can attach 1t to the 
growing chain (number 3 in Fig. 16-40). But the electrosfatic force will often hold 
a Copposite our G long enouph so that an enzyme can attach the C to the prowing 
end of the new chain. Thus electrostatic forces are responsible for selecting the 
bases in the proper order during replication. Note in Eig. 16-40 that the new 
number 4 strand has the same order of bases as the old number 1 strand; and the 
new number 3 strand 1s the same as the old number 2. So the two new double 
helixes, 1-3 and 2-4, are identical to the original 1-2 helix. Hence the genetic 
1nformation 1s passed on accurafely to the next generation. 

Thịs process of DNA replication 1s often presented as 1 1t occurred In clock- 
work fashion—as 1f each molecule knew 1s role and went to 1s assigned place. But 
this 1s not the case. The forces of attraction are rather weak and become significant 
only when charged parts of the two molecules have “complementary shapes,” meaning 
they can get close enough so that the electrostatic force (œ 1/zr”) is strong enough 
to form weak bonds. IÝ the molecular shapes are not Just right, there 1s almost no 
electrostatic attraction, which 1s why there are so few mistakes. Thus, out Of the ran- 
dom motion of the molecules, the electrostatic force acts to bring order out of chaos. 


€@ÒPHvysics APPLIED 
DNA replication 


FIGURE 16-40 Replication of DNA. 
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The random (thermal) velocities of molecules in a cell affect cloning. When a 
bacterial cell divides, the two new bacteria have nearly identical DNA. Even 1f 
the DNA were perfectly identical, the two new bacteria would not end up behaving 
1n exactly the same way. Long protein, DNA, and RNA molecules get bumpcd Iinto 
different shapes, and even the expressionỶ of genes can thus be đifferent. Loosely 
held parts of large molecules such as a methyl group (CH;) can also be knocked 
Off by a strong collision with another molecule. Hence, cloned organisms are not 
1dentical, even 1f ther DNA were Identical. Indeed, there can not really be 
genetic determinism. 


“16-I]l Photocopy Machines and 
Computer Printers LIse Electrostatics 


Photocopy machines and laser printers use electrosfatic attraction to print an image. 
They each use a different technique to project an image onfo a special cylindrical 
drum (or rotating conveyor belt). The drum 1s typically made of aluminum, a good 
conductor; 1s surface 1s coated with a thĩn layer of selenium, which has the Inter- 
esting property (called “photoconductivity”) of being an electrical nonconductor 
1n the dark, but a conductor when exposed to light. 
PHYSICS APPLIED In a photocopier, lenses and mirrors focus an Iimage of the original sheet of 
Phofocopy machines  paper onto the drum, much like a camera lens focuses an image on an electronic 
detector or film. Step 1, done In the dark, is the placing of a uniform posiftive 
charge on the drum”s selenium layer by a charged roller or rod: see FIg. 16-41. 


(2) Lens focuses Image of orIginal 


FIGURE 16-41 Inside a photocopy (3) Toner hopper 
machine: (1) the selenium drum ïs given 

a + charge; (2) the lens focuses image 

on drum——only dark spots stay charged; 

(3) toner particles (negatively charged) (4) Paper 
are attracted to posiftive areas on drum; 
(4) the image Is transferred to paper; 
(5) heat binds the image to the paper. 


Charging rod (5) Heater rollers 


In step 2, the image to be copled 1s projected onto the drum. For simplicify, let us 
assume the Iimage 1s a dark letter A on a white background (as on the page of a 
book) as shown in Fig. 16-41. The letter A on the drum is dark, but all around 1t 
1s light. At all these light places, the selenium becomes conducting and electrons 
flow In from the aluminum beneath, neutralizing those posifive areas. In the dark 
areas of the letter A, the selenium 1s nonconducting and so retains the positive 
charge already put on 1t, Fig. 16—41. In step 3, a fñine dark powder known as for 
1S øIVen a negative charge, and is brushed on the drum as 1t rotates. The negatively 
charged toner particles are attracted to the positive areas on the drum (the A in 
our case) and stick only there. In step 4, the rotating drum presses aøaInsf a piece 
of paper which has been positively charged more strongly than the selenium, so 
the toner particles are transferred to the paper, forming the final image. Finally, 
step 5, the paper 1s heated to fix the toner particles fñirmly on the paper. 

In a color copler (or printer), this process 1s repeated for each color——black, 
cyan (blue), magenta (red), and yellow. Combining these four colors In different 
proportions produces any desired color. 


“The separate genes of a DNA double helix can be covered by protein molecules, keeping those genes 
from being “expressed”——that is, translated into the proteins they code for (see Section 29—3). 
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Laser beam scans 
Laser 


Toner hopper 


Movable 
mITTOT 


Heater rollers 


A laser printer uses a computer oufput to program the Intensity of a laser 
beam onto the selenrum-coated drum of Eig. 16-42. The thin beam of lipht from 
the laser 1s scanned (by a movable mirror) from side to side across the drum ïn a 
serles of horizontal lines, each line Jjust below the previous line. As the beam 
sweeps across the drum, the Iintensity of the beam 1s varied by the computer 
output, being strong for a poimt that is meant to be white or bright, and weak or ZerO 
for points that are meant to come out dark. After each sweep, the drum rotates very 
slightly for additional sweeps, Fig. 16—42, until a complete image 1s formed on 1t. 
The light parts of the selenium become conducting and lose their (previousÌy 
øIven) positive electric charge, and the toner sticks only to the dark, electrically 
charged areas. The drum then transfers the Image to paper, as in a photOCOpIer. 

An inkjet printer does not use a drum. Instead nozzles spray tiny droplets of 
Iink đirectly at the paper. The nozzles are swept across the paper, each sweep Jusf 
above the previous one as the paper moves down. On each sweep, the Ink makes 
dots on the paper, except for those points where no Iink 1s desired, as directed by 
the computer. The image consists of a huege number of very tiny dots. The quality 
or resolution oÝ a printer 1s usually specified in dots per inch (dp1) in each (Iinear) 
direction. 


*16-12 Gauss”s Law 


An important relation in electricity 1s CGauss”s law, developed by the great mathe- 
matician Karl Eriedrich Gauss (1777—1855). It relates electric charge and electric 
field, and 1s a more general and elegant form of Coulomb law. 

Gauss”s law involves the concept of electric fux, which refers to the electric 
field passing through a given area. For a uniform electric field E passing through 
an area 4, as shown In Eig. 16—43a, the electric flux ®z 1s defined as 


®„ = EAcos0, 
where 6Ø 1s the angle between the electric field direction and a line drawn per- 
pendicular to the area. The flux can be written equivalently as 


®y = EF,A = EA, = EACOS0, (16-7) 


where #¡ = EcosØ is the component of E perpendicular to the area 
(Eig. 16-43b) and, similarly, 4¡ = AcosØ 1s the projection of the area 4A4 
perpendicular to the field Ê (Fig. 16—43c). 

Electric flux can be interpretated In terms of field lines. We mentioned 1n 
Section 16-—8 that field lines can always be drawn so that the number (N) passing 
through unit area perpendicular to the field (44) is proportional to the magnitude 
of the field (E): thatis, E œ« N/A¡. Hence, 

NÑ œ EA, = ®p, (16-8) 


so the flux through an area 1s proportional to the number of lines passing through 
that area. 


FIGURE 16-42 Inside a laser 

printer: a movable mirror sweeps 

the laser beam In hor1zontal lines 
- _ across the drum. 


@ÒPHvsics APPLIED 
Laser printer 


@ÒPHvsics APPLIED 
Inkjet printer 


(c) : : Area A 

FIGURE 16-43 (a) A uniform 
electric field E passing through a flat 
square area A. (b) E¡ = EcosØ 1s 
the component of Ê perpendicular 
to the plane of area A. 

(c) 4¡ = AcosØ ïs the projection 
(dashed) of the area 4 
perpendicular to the field E. 
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Closed 
surface 


FIGURE 16-44 Electric field lines 
passing throuph a closed surface. 
The surface 1s divided up Into many 
tiny areas, A4, A44;, ---, and so on, 
of which only two are shown. 


GADSS”S LAW 


FIGURE 16-45 Cross-sectional 
drawing of a thin spherical shell 
(gray) of radius rạ, carrying a net 
charge Ở@ uniformly distributed. The 
green circles 4¡ and 4a represent 
fWO Øaussian surfaces we use fO 
determine E. Example 16—12. 


Gauss”s law 1nvolves the fø// flux through a closed surface——a surface of any 
shape that encloses a volume of space. For any such surface, such as that shown 1n 
Hig. 16-44, we divide the surface up into many tiny areas, A4¡, A4;, A4a,---, 
and so on. We make the division so that each A4 1s small enough that 1t can be 
considered flat and so that the electric field can be considered constant through 
each AA. Then the /ø/al flux through the entire surface 1s the sum over all the 
1ndividual fluxes through each of the tiny areas: 


®x„ = EF, AAicos0; + F; AA;cos0; + --: 
SX.EAAcos0 = XELAA, 


where the symbol 3 means “sum o£” We saw In Section 16-8 that the number 
of field lines starting on a positIve charge or ending on a negative charge 1s 
proportional to the magnitude of the charge. Hence, the zef number of lines W 
pointing out of any closed surface (number of lines pointing out minus the number 
pointing in) must be proportional to the net charge enclosed by the surface, enaI. 
But from Edq. 16-8, we have that the net number of lines 1s proportional to 
the total flux ®z„. Therefore, 


®; = > E. AAœ na 


closed 
surface 


The constant of proportionality, to be consistent with Coulomb'?s law, 1s 1/eụ, SO 


we have 
».E.AA = _ 


closed 0 
surface 


(16-9) 


where the sum () is over any closed surface, and Ó,n«¡ 1s the net charge enclosed 
within that surface. This 1s Gauss”s law. 

Coulombs law and Gauss”s law can be used to determine the electric field 
due to a given (static) charge distribution. Gauss”s law 1s useful when the charge 
distribution 1s simple and symmetrical. However, we must choose the closed 
“øaussian” surface very carefully so we can determine E. We normally choose a 
surface that has Just the symmetry needed so that # wIll be constant on all or on 
pATfS OŸ 1{s surface. 


Charged spherical conducting shell. A thin spherical 
shell of radius rạ possesses a total net charge Q that 1s umformly distributed on 1f, 
Fig. 16-45. Determine the electric field at points (2) outside the shell, and 
() inside the shell. 


APPROACH Because the charge ¡s distributed symmetrically, the electric field 
must be sywznefric. Thus the field outside the shell must be directed radially 
outward (inward ïf @ < 0) and must depend only on z. 


SOLUTION (a) We choose any Imaginary øgaussian surface as a sphere of radius r 
(r > rạ) concentric with the shell, shown in Eig. 16-45 as the dashed circle 4. 
Then, by symmetry, the electric field will have the same magnitude at all points 
on this gaussian surface. Because E is perpendicular to this surface, Gauss”s law 
gIves (with ¿na = €@ inEq. 16-9) 


XMELAA = EXAA = E(4mr”) = mm 


where 477” is the surface area of our sphere (gaussian surface) of radius r. Thus 


1Ø, 


ly 2 


47g r tr = n] 


We see that the field outside a uniformly charged spherical shell 1s the same as 1ƒ 
all the charge were concentrated at the center as a point charge. 


464 CHAPTER16 Electric Charge and Electric Field 


(b) Inside the shell, the electric field must also be symmetric. So E must again 
have the same value at all points on a spherical øaussian surface (44; in Fig. 16-45) 
concentric with the shell. Thus, # can be factored out of the sum and, with 
.›«¡ = 0 because the charge Inside surface 44; 1s zero, we have 


SELAA = ES AA 


cnei = 


€ọ 


E(4mr”) = 
Hence 
E=0 [? < mỊ 


Iinside a uniform spherical shell of charge (as claimed In Section 16-9). 


The results of Example 16—12 also apply to a uniform solđ spherical conductor 
that 1s charged, since all the charge would lie m a thin layer at the surface 
(Section 16—9). In particular 
- 


2 


47g F 


oufside a spherical conductor. Thus, the electric field outside a spherically symmetric 
đistribution of charge 1s the same as for a point charge of the same magmitude at 
the center of the sphere. This result applies also outside a uniformly charged 
nonconductor, because we can use the same gaussian surface 44; (Eig. 16-45) and 
the same syzeíry argument. We can also consider this a demonsfration oŸ our 
statement in Chapter 5 about the grayitational force, which is also a perfect 1/r? 
force: The øravitational force exerted by a uniform sphere 1s the same as 1f all the 
mass were at the center, as stated on page 120. 


EXAMPLE 16-13 | Ƒ near any conducting surface. Show that the magnitude 
Of the electric field Just outside the surface of a good conductor of any shape 1s 
ø1ven by 


where øơ is defned as the surface charge density, Q/4, on the conductor”s surface 
at that poInt. 


APPROACH We choose as our gaussian surface a small cylindrical box, very 

small in height so that one of 1s circular ends 1s just above the conductor 

(Eig. 16-46). The other end is Just below the conductor”s surface, and the very FIGURE 16-46 Electric field near 
short sides are perpendicular to ït. the surface of a conductor. TWwo 
small cylindrical boxes are shown 
dashed. Either one can serve as Our 
gaussian surface. Example 16-13. 


SOLUTION The electric field is zero inside a conductor and 1s perpendicular to 
the surface just outside 1t (Section 16—9), so electric flux passes only through 
the outside end of our cylindrical box; no flux passes throuegh the very short sides 
or throupgh the inside end of our gaussian box. We choose the area 4 (of the flat 
cylinder end above the conductor surface) small enouph so that # is essentially 
uniform over it. Then Œauss”s law ø1ves 


A 
VELAA = #Ä = Ócn«l ¬- „ 
€ọ €ọ 
and therefore 
ơ 
E.= — [at surface of conductor] 


Thịs useful result applies for any shape conductor, including a large, uniformly 
charged flat sheet: the electric field will be constant and equal to ơ/eạ. 
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+ 
© 
| 
© 


| ơ 


Thịs last Example also øives us the field between the two parallel plates we 
discussed 1n Fig. 16—32d. If the plates are large compared to their separation, 
then the field limes are perpendicular to the plates and, except near the edges, 
they are parallel to each other. Therefore the electric field (see Fig. 16-47, which 
shows a similar very thin øaussian surface as Eig. 16-46) is also 


œ/A 


€ọ €ọ 


+ + II + + + + 
Ï 


FIGURE 16-47 The electric field 
between two closely spaced parallel 
plates 1s uniform and equal to 

E= ơ/sạ š 


Q : . two closely spaced, 


sạA Oppositely charged, parallel bhiS| (16-10) 


where @ = ơA 1s the charge on one of the plates. 


 Summary 


There are two kinds of elecfric charge, positive and negafive. 
These designations are to be taken algebraically——that 1s, any 
charge is plus or minus so many coulombs (C), in SI units. 

Electric charge 1s conserved: 1Ý a certain amount of one type 
Of charge 1s produced In a process, an equal amount of the oppo- 
SI(e type 1s also produced; thus the zøf charge produced 1s Zzero. 

According to atomic theory, electricity oripinates In the 
atom, which consists of a positively charged nucleus surrounded 
by negatively charged electrons. Each electron has a charge 
—e = —1.60 x 107C, 

Electric eonducfors are those materials in which many 
electrons are relatively free to move, whereas electric insulafors 
or nonconducfors are those in which very few electrons are 
ree to move. 

An object 1s negatively charged when 1t has an excess of 
electrons, and positively charged when 1t has less than Ifs 
normal number of electrons. The net charge on any obJect 1s a 
whole number times +e or —e. That is, charge 1s quanfized. 

An object can become charged by rubbing (in which 
electrons are transferred from one materlal to another), 
by conducfion (which 1s transfer of charge from one charged 
obJect to another by touching), or by inductfion (the separation 
of charge within an object because of the close approach of 
another charged object but without touching). 

Electric charges exert a force on each other. IÝ two charges 
are OŸ OopposIfe types, one positive and one negative, they each 
exert an aftractive force on the other. If the two charges are 
the same type, each repels the other. 

The magnitude of the force one point charge exertfs on 
another 1s proportional to the product of their charges, and 
Inversely proportional to the square of the distance between 


them: 
— „ #9 —1 gu; 


` 47mg rˆ 


F : (16-1, 16-2) 


this is Coulomb?s law. 

We think of an electric fñeld as existing in space around any 
charge or øroup of charges. The force on another charged object 
1s then said to be due to the electric field present at its location. 

The elecrric field, Ê, at any point in space due to one or 
more charges, Is defined as the force per unit charge that would 
act on a tiny positive test charge ¿ placed at that point: 


(16-3) 
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The magnitude of the electric field a distance r from a point 
charge Ở ïs 


(16-4a) 


The total electric field at a point In space 1s equal to the 
vector sum of the Individual fields due to each contributing 
charge. Thịs 1s the principle oŸ superposifion. 

Electric fields are represented by electric field lines that 
start on positive charges and end on negative charges. Their 
direction Indicates the direction the force would be on a tiny 
pOosifive test charge placed at each point. The lines can be drawn 
so that the number per unit area is proportional to the magni- 
tude of #. 

The static electric field inside a conductor 1s zero, and the 
electric field lines Just outside a charged conductor are perpen- 
dicular to 1ts surface. 

[In the replication of DNA, the electrostatic force plays 
a crucial role In selecting the proper molecules so that the 
øenetIc Information 1s passed on accurately from øenerafion to 
øeneration.] 

[#Photocopiers and computer printers use electric charge 
placed on toner particeles and a drum to form an image.] 

[ZThe electric flux passing through a small area A for a 
uniform electric field E is 


®g = E,A, 6-7) 


where , is the component of Ê perpendicular to the surface. 
The flux through a surface 1s proportional to the number of 
field lines passing throueh it.] 

[ZGauss?s law states that the total flux summed over any 
closed surface (considered as made up of many small areas A 4) 
1s equal to the net chargøe enc¡ enclosed by the surface divided 
by œg: 

Cencl - 


€0 


` E.LAA = 
closed 
surface 


(16-9) 


Gauss's law can be used to determine the electric field due to 
ø1ven charge distributions, but its usefulness 1s mainly limited to 
cases where the charge distribution displays much symmetry. The 
real Importance of Gauss”s law 1s that it is a general and elegant 
statement of the relation between electric charge and electric field.] 


 Questions 


1. 


10. 


11. 


T you charge a pocket comb by rubbing 1t with a silk scarf, 
how can you determine If the comb 1s posiItively or nega- 
tively charged? 


„ Why does a shirt or blouse taken from a clothes dryer 


sometimes cling to your body? 


. Explain why fog or rain droplets tend to form around Ions 


or electrons In the a1r. 


. Why does a plastic ruler that has been rubbed with a 


cloth have the ability to pick up small pieces of paper? 
Why 1s this difficult to do on a humid day? 


. Á positively charged rod 1s brought close to a neutral piece 


of paper, which 1t attracts. Draw a diagram showing the 
separation of charge in the paper, and explain why attrac- 
(ion OCCUTS. 


. Contrast the me charge on a conductor to the “free 


charges” In the conductOr. 


. Figures 16-7 and 16—8 show how a charged rod placed near 


an uncharged metal object can attract (or repel) electrons. 
There are a great many electrons in the metal, yet only 
some of them move as shown. Why not all of them? 


.. When an electroscope 1s charged, 1fs two leaves repel each 


other and remain at an angle. What balances the electric 
force of repulsion so that the leaves don”t separate further? 


. The balloon In Fig. 16-48 was rubbed on a studenfts hai. 


Explan why the water driIp curves Instead of falling 
vertically. 


FIGURE 16-48 Ouestion 9. 


The form of CoulomBs law 1s very similar to that for 
Newton” law of universal gravitation. What are the differ- 
ences between these two laws? Compare also øravitational 
mass and electric charge. 


When a charged ruler attracts small pieces of paper, 
Sometimes a piece Jumps quickly away after touching the 
ruler. Explain. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
19. 


20. 


21. 


*22. 


W© are not normally aware of the gravitational or electric 
force between two ordinary objects. What 1s the reason In 
each case? Give an example where we are aware of each 
one and why. 


Explain why the test charges we use when measuring elec- 
tric fields must be small. 


When determining an electric field, must we use a 2osifi0e 
test charge, or would a negative one do as well? Explain. 


Draw the electric field lines surrounding two negative 
electric charges a distance f apart. 


Assume that the two opposite charges In Fig. 16-32a are 
12.0 cm apart. Consider the magnitude of the electric field 
2.5cm from the positive charge. On which side of this 
charge—top, bottom, left, or right—Is the electric field the 
strongest? The weakest? Explain. 


Consider the electric field at the three points indicated by 
the letters A, B, and Cĩn Fig. 16-49. First draw an arrow 
at each point Iindicating the direction of the net force that 
a positive test charge would experlence 1 placed at that 
pomt, then list the letters In order of đecreasing field 
strength (strongest first). Explain. 


FIGURE 16-49 Ouestion 17. 


Why can electric field lines never cross? 


Show, using the three rules for field lines given in 
Section 16-8, that the electric field lines starting or 
ending on a single point charge must be symmetrically 
spaced around the charge. 


Given two point charges, @ and 2Q, a distance É apart, 1s 
there a poïnt along the straight line that passes through them 
where # = 0 when their signs are (2) opposite, (b) the 
same? TIf yes, state rouphly where this point will be. 


Consider a small positive test charge located on an electric 
field line at some point, such as point Pin Fig. 16—32a. Is 
the direction of the velocity and/or acceleration of the 
test charge along this line? Discuss. 


A point charge 1s surrounded by a spherical øaussian 
surface of radius z. If the sphere 1s replaced by a cube of 
side r, will ®z be larger, smaller, or the same? Explain. 
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Ouestions 


1. Ó¡ = 


 MisConceptual Questions 


—0.10 C 1s located at the oripin. ; = +0.10 C 1s 
located on the positive x axis at x = 1.0m. Which of the 
following Is true of the force on ; due to Ó;? 

(đ) It 1s attractive and directed In the +x direction. 

() It 1s attractive and directed in the —x direction. 

(c) It1s repulsive and directed in the +x direction. 

(đ) It is repulsive and directed in the —x direction. 


. Swap the posilons of Œ; and @; of MisConceptual 
Ouestion 1. Which of the following 1s true of the force on 
€; due to Q;? 

(4) It does not change. 

(5) It changes from attractive to repulsive. 

(c) It changes from repulsive to attracfive. 

(đ) It changes from the +x direction to the —x direction. 
() It changes from the —x direction to the +x direction. 


. Fred the lightning bug has a mass 7# and a charge +g. Jane, 
his lightning-bug wife, has a mass of 3 and a charge —24. 
Because they have charges of opposite sign, they are 
attracted to each other. Which is attracted more to the 
other, and by how much? 
(a) Fred, twice as much. 
(b) Jane, twice as much. 
(c) Fred, four times as much. 
(4) Jane, four times as mụch. 
(c) They are attracted to each other by the same 

amount. 


- Fipure 16—50 shows electric field lines due to a point charge. 

What can you say about the field at poïnt 1 compared with 

the field at poïnt 22 

(2) The field at poïnt 2 is larger, because poiïnt 2 is on a 
field line. 

(B) The field at poïnt 1 is larger, because poïnt 1 is not on 
a fñield line. 

(c) The field at point 1 1s zero, because poïnt Í 1s not on a 
field line. 

(đ) The field at poïnt 1 ïs larger, because the field lines are 
closer together In that region. 


FIGURE 16-50 
MisConceptual Question 4. 


. A negative point charge is In an electric field created by 

a positive point charge. Which of the following 1s true? 

(4) The field points toward the posifive charge, and the 
force on the negative charge 1s In the same direction as 
the fñield. 

(5) The field points toward the posifive charge, and the 
force on the negative charge Is in the opposite direction 
to the field. 

(c) The field points away from the positive charge, and the 
force on the negative chargøe 1s in the same direcfion as 
the ñield. 

(đ) The field points away from the positive charge, and the 
force on the negative charge 1s in the opposife 
direction to the field. 
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6. 


10. 


11. 


13. 


As an object acquires a positive charge, 1ts mass usually 
(2) decreases. 

(ð) increases. 

(c) stays the same. 

(đ) becomes negative. 


„ Refer to Fig. 16—32d. If the two charged plates were moved 


until they are half the distance shown without changing the 
charge on the plates, the electric field near the center of the 
plates would 

(a) remain almost exactly the same. 

(ð) increase by a factor of 2. 

(c) Increase, but not by a factor of 2. 

(đ) decrease by a factor of 2. 

(e) decrease, but not by a factor of 2. 


We wish to determine the electric field at a point near a 

pOositively charged metal sphere (a good conductor). We do 

so by bringing a small positive test charge, đọ, to this point 

and measure the force #q on it. Fạ/qo will be 

the electric field Ê as it was at that point before the test 

charge was presenI. 

(4) greater than 

(ð) less than 

(c) equal to 

W© are usually not aware of the electric force acting between 

two everyday obJects because 

(a) the electric force is one of the weakest forces in nature. 

() the electric force ¡s due to microscopic-sized particles 
such as electrons and protOns. 

(c) the electric force ¡s Invisible. 

(đ) most everyday objects have as many plus charges as 
minus charges. 


To be safe during a lightning storm, 1t 1s best to be 
(a) in the middle of a grassy meadow. 

(ð) mnside a metal car. 

(c) next to a tall tree in a forest. 

(đ) inside a wooden building. 

(£) on a metal observation tower. 


'Which are the worst places in MisConceptual Question 102 


. Which vector best represents the direction of the electric 


field at the fourth corner of the square due to the three 
charges shown in Fig. 16—51? 
~0 +Ø 


(b) (c) 


+Q 
FIGURE 16-51 
MisConceptual Question 12. 


(a) (4 


(2) 


A small metal ball hangs from the ceiling by an insulating 
thread. The ball is attracted to a positively charged rod held 
near the ball. The charge of the ball must be 

(4) positive. 

(5) negative. 

(c) neutral. 

(đ) positive or neutral. 

(c) negative or neutral. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Problems 


16-5 and 16-6 Coulomb”s Law 
[1 mC = 102C, 1C = 10C, 1nC = 10C] 


{. (I What ¡is the magnitude of the electric force of attraction 


10 


between an iron nucleus (g = +26) and is innermost 
electron if the distance between them is 1.5 x 10”!?m? 


. () How many electrons make up a charge of —48.0 C? 


(D What ¡s the magnitude of the force a +25 C charge 
exerfs on a +2.5 mC charge 16 cm away? 


(D What is the repulsive electrical force between two protons 
4.0 < 10” m apart from each other in an atomie nucleus? 


. (T) When an object such as a plastic comb 1s charged by 


rubbing 1t with a cloth, the net charge 1s typIcally a few 
microcoulombs. If that charge 1s 3.0 C, by what percentage 
does the mass of a 9.0-øg comb change during charging? 


. (II) Two charged dust particles exert a force of 4.2 < 1077N 


on each other. What will be the force 1ƒ they are moved so 
they are only one-eighth as far apart? 


. (H) Two small charged spheres are 6.52 em apart. They are 


11. 


13 


moved, and the force each exerts on the other 1s found to 
have tripled. How far apart are they now? 

(II) A person scuffing her feet on a wool rug on a dry day 
accumulates a net charge of —28 uC. How many excess 
electrons does she get, and by how much does her mass 
1ncrease? 

(ID) What ¡s the total charge of all the electrons in a 12-kg 
bar of gold? What is the net charge of the bar? (Gold has 
79 electrons per atom and an atomic mass of 197 u.) 

(H) Compare the electric force holding the electron in orbif 
(r = 0.53 x 10 !°m) around the proton nucleus of the 
hydrogen atom, with the gravitational force between the 
same electron and proton. What 1s the ratio of these two 
forces? 

(I) Particles of charge +65, +48, and —95 C are placed 
1n a line (Fig. 16-52). The center one ¡s 0.35 m from each of 
the others. Calculate the net force on each charge due to 
the other two. 


+65 uC +48 uC —95 uC 


S—=-—:.:.-.-®-acs 
0.35m 0.35m 


FIGURE 16-52 Problem 11. 


. (H) Three positive particles of equal charge, +17.0 C, are 


located at the corners of an equilateral triangle of side 
15.0 cm (Eig. 16—53). Calculate 


the magnitude and direction of +70 ụC 
the net force on each particle e⁄ \+z 
due to the other two. cử No 
S Š 
FIGURE 16-53 
Problem 12. +170,C_ 150cm +170C 


(HT) A charge Ó ïs transferred from an initially uncharged 
plastic ball to an identical ball 24 cm away. The force of attrac- 
tion 1s then 17mN. How many electrons were transferred 
†rom one ball to the other? 


14. 


15. 


16. 


1. 


18. 


G) 


(TH) A charge of 6.15 mC is placed at each corner of a square 
0.100 m on a side. Determine the magnitude and direction 
of the force on each charge. 

(H) At each corner of a square of side £ there are point 


charges of magnitude Ó, 2Ó, 3, and / 20 
4Q (Fig. 16-54). Determine the mag- 
nitude and direction of the force on 
the charge 2Ợ. / / 
FIGURE 16-54 
Problem 15. 402 † 30 


(H) A large electroscope is made with “leaves” that are 
78-cm-long wires with tiny 21-g spheres at the ends. When 
charged, nearly all the charge resides on the spheres. If the 
wIres each make a 26” angle with 
the vertical (Fig. 16-55), what 
total charge @ must have been 
appled to the electroscope? 
Ignore the mass of the wires. 


FIGURE 16-55 
Problem 16. 2 


(HT) Two small nonconducting spheres have a total charge 
of 90.0 C. (z) When placed 28.0 em apart, the force each 
exerfs on the other 1s 12.0N and 1s repulsive. What 1s the 
charge on each? (5) What If the force were attractive? 
(IH) Two charges, —@ and —3Ó, are a distance É apart. 
These two charges are free to move but do not because 
there is a third (fixed) charge nearby. What must be the 
magnitude of the third charge and is placement In order 
for the first two to be in equilibrium? 


16-7 and 16-8 Electric Field, Field Lines 


19. 


20. 


21. 


22. 


23 


. 


24. 


25. 


(1) Determine the magnitude and direction of the electric 
force on an electron In a uniform electric field of strength 
2460 N/C that points due east. 

() A proton is released in a uniform electric field, and it 
experiences an electrie force of 1.86 < 10”1#N toward the 
south. Find the magnitude and direction of the electric 
field. 

(1) Determine the magnitude and direction of the electric 
field 21.7 em đirectly above an isolated 33.0 < 10” C charge. 
() A downward electric force of 6.4N is exerted on a 
—7.3uC charge. Find the magnitude and direction of 
the electric field at the position of this charge. 

(H) Determine the magnitude of the acceleration experi- 
enced by an electron in an electric field of 756 N/C. How 
does the direction of the acceleration depend on the 
direction of the field at that point? 

(IH) Determine the magnitude and direction of the electric 
fñield at a point midway between a —8.0 C and a +5.8 uC 
charge 6.0 cm apart. Assume no other charges are nearby. 
(IH) Draw, approximately, the electric field lines about two 
point charges, + and —3Q, which are a distance £ apart. 
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Problems 


26. (II) What 1s the electric field strength at a point in space 
where a proton experilences an acceleration of 2.4 million 
“eøs”? 

27. (II) An electron 1s released from rest in a uniform electric 
field and accelerates to the north at a rate of 105 m/s”. 
Find the magnitude and direction of the electric field. 


28. (11) The electric field midway between two equal but oppo- 
site point charges 1s 386 N/C, and the distance between 
the charges 1s 16.0 cm. What 1s the magnitude of the charge 
on each? 

(IH) Calculate the electric field at one corner of a square 
1.22 m on aside 1f the other three corners are occupied by 
3.25 x 105C charges. 

(H) Calculate the electric field at the center of a square 
42.5 cm on a side 1 one corner 1s occupied by a —38.6 C 
charge and the other three are occupied by —27.0C 
charges. 

(ID) Determine the direction and magnitude of the electric 
field at the point Pĩn Fig. 16—56. The charges are separated 
by a distance 2ø, and point P 1s a distance x from the 
midpoint between the two charges. EXpress yOur answer in 
terms of Ó, x, a, and k. 


aT8 R 


, 


30. 


31. 


FIGURE 16-56 Problem 31. 


(II) Two poïnt charges, ị; = —32 C and Ó; = +45 C, 
are separated by a distance of 12 cm. The electric field at the 
point P (see Eig. 16—57) Is zero. How far from 1 ¡is P? 


32. 


li Ó; 
é % ° 12cm ° 
P —32 uC +45 uC 


FIGURE 16-57 Problem 32. 


33. (II) Determine the electric field E at the Oorigin 0n 
Eig. 16—58 due to the two charges 


atA and B. 


. 


FIGURE 16-58 
Problem 33. 


34 


(II You are given two unknown point charges, ¡ and Ó;. 
At a point on the line Joining them, one-third of the way 
from Ớ( to @;, the electric field is zero (Fig. 16—59). What 
1s the ratio Ó¡/Ó¿? E=0 


FIGURE 16-59 G› 
Problem 34. < ( "" 


35. (HI) Use Coulomb's law to determine the magnitude and 
đirection of the electric field at points A and B in Hg. 16—60 
due to the two positive charges (@ = 4.7 C) shown. Are 


yOur results consistent with Fig. 16—32b? 


B A 
©® ©® + 
5.0 cm 
+0® K5 ®+o 
FIGURE 16-60 ~ nn — ~ 
Problem 35. 5.0cm5.0cm 10.0cm 
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36. (HI) An electron (mass  = 9.11 x 103! kg) is acceler- 
ated in the uniform field E 
(E = 1.45 x 10°N/C) between 
two thin parallel charged plates. + 
The separation of the plates 1s s 
1.60 cm. The electron 1s accelerated = 
from rest near the negative plate = 
and passes through a tiny hole 
1n the positive plate, Fig. 16—61. 
(a) With what speed does 1t leave 
the hole? (5) Show that the 
øTravitational force can be Ignored. 


Ị 
vị 
+ 


4P. sp 


LÌ 


4P sp 


| 


FIGURE 16-61 
Problem 36. 


HP 8P đp HP đP đp ấp Wp 


LLÌI, 


*16-10 DNA 


#37. (II) The two strands of the helix-shaped DNÑA molecule are 
held together by electrostatic forces as shown In Hig. 16-39. 
Assume that the net average charge (due to electron sharing) 
indicated on H and Ñ atoms has magnitude 0.2e and on 
the indicated C and O atoms 1s 0.4. Assume also that atoms 
on each molecule are separated by 1.0 x 10ˆ!°m. Estimate 
the net force between (z) a thymine and an adenine; and 
(b) a cytosine and a guanine. For each bond (red dots) 
consider only the three atoms mm a line (two atoms on one mol- 
ecule, one atom on the other). (c) Estimate the total force for 
a DNA molecule containing 10” pairs of such molecules. 
Assume half are A—T pairs and half are C—G palrs. 


*16-12 Gauss”s Law 


38, (I) The total electric flux from a cubical box of side 28.0 em 
is 1.85 x 10NÑ-mˆ/C. What charge is enclosed by the box? 
#39, (HT) In Hg. 16-62, two obJects, O¡ and O;, have charges 
+1.0 C and —2.0 uC, respectively, and a third object, Ò, 
1s electrically neutral. (2) What is the electric flux through 
the surface 4¡ that encloses all three objects? (b) What is 
the electric flux throuph the surface 44; that encloses the 
third object only? 


—— ¬ 
( O¡®+1.0 uC &) Ả 
Ì 
l 


l 
% ỷ—Ƒ..Ÿ..f. 


*40. (II) A cube of side §.50 em ¡is placed in a uniform field 
E = 1.50 x 10N/C with edges parallel to the field lines. 
(a) What ¡s the net flux through the cube? (5) What is the 
fiux through each of is six faces? 

(II) The electric field between two parallel square metal 
plates is 130 N/C. The plates are 0.85 m on a side and are 
separated by 3.0cm. What 1s the charge on each plate 
(assume equal and opposite)? Neglect edge effects. 

(IH) The field just outside a 3.50-cm-radius metal ball ¡s 
3.75 < 102N/C and points toward the ball. What charge 
resides on the ball? 

(HH) A point charge Q rests at the center of an uncharged 
thin spherical conducting shell. (See Fig. 16-34.) What is 
the electric field # as a function of r (z) for r less than 
the Inner radius of the shell, (5) Iinside the shell, and 
(c) beyond the shell? (đ) How does the shell affect the field 
due to Ở alone? How does the charge Ó affect the shell? 


FIGURE 16-62 


O›®—2.0 uC 
Problem 39. ắ ¬ 


-~..ã 


*41. 


+42. 


+43 


 General Problems 


A4. 


45. 


4ó. 


47. 


48 


49 


50 


bội 


3. 


53. 


How close must two electrons be 1Ÿ the magnitude of the 
electric force between them 1s equal to the weight of either 
at the Earth”s surface? 


Given that the human body is mostly made of water, esti- 
mate the total amount of posifive charge In a 75-kg person. 


A 3.0-g copper penny has a net positive charge of 32 C. 
WWhat fraction of 1ts electrons has 1t lost? 


Measurementfs indicate that there is an electric field sur- 
rounding the Earth. Its magnitude ¡is about 150 N/C at the 
Earth”s surface and poinfs Inward toward the Earth?s center. 
What Is the magnitude of the electric charge on the Earth? 
Is it positive or negative? [Hmr: The electric field outside 
a uniformly charged sphere is the same as If all the charge 
Were concentrated at ifs center. | 


(z) The electric field near the Earth's surface has magni- 
tude of about 150 N/C. What is the acceleration experienced 
by an electron near the surface of the Earth? (5) What about 
a proton? (c) Calculate the ratio of each acceleration to 
øg = 09.8m/°. 

A water droplet of radius 0.018 mm remains stationary in 
the atr. If the downward-directed electric field of the Earth 
is 150N/C, how many excess electron charges must the 
water droplet have? 

Estimate the net force between the CO group and the HN 
group shown In Fig. 16-63. The C and O have charges 
+0.40e, and the H and N have charges + 0.20e, where 
e = 1.6 x 10. [Him: Do not include the “internal” 
forces between C and O, or between H and N] 


` ⁄ 


'® H——N: 
m 


+ "¬ 
O 
0.12 nm 0.10 nm 
0.2ã8n Điomỷ 


FIGURE 16-63 Problem 50. 


In a simple model of the hydrogen atom, the electron 
revolves in a circular orbit around the proton with a speed 
of 2.2 x 105m/s. Determine the radius of the electron”s 
orbit. [Himi: See Chapter 5 on circular motion.] 


Two small charged spheres hang from cords of equal 
lenegth £ as shown ïn Eig. 16-64 and 
make smaill angles Ø¡ and 0; with the 
vertical. (2) IÝ @¡ = O, Ó; = 2O. and 
„ = mạ =m, determine the ratio 
61/9;. (b) Estimate the distance 
between the spheres. 


FIGURE 16-64 b 
Problem 52. @ ' 0; 
A positive point charge Ợ = 2.5 x 107'C ¡is fixed at 
the origin of coordinates, and a negative point charge 
Ó; = —5.0 x 10C ¡is fixed to the x axis at x = +2.4m. 
Eind the location of the place(s) along the x axis where the 
electric field due to these two charges 1s Zero. 


54. 


ải 


S6. 


¬Yễ 


58. 


59, 


60. 


Dry arr wIll break down and generate a spark 1 the electric 
field exceeds about 3 x 10°N/C. How much charge could 
be packed onfo a green pea (diameter 0.75 cm) before the 
pea spontaneously discharges? [Hmr: Eqs. 16-4 work out- 
side a sphere IŸ r is measured from is center.] 


Two point charges, Ó; = —6.7„C and Ó; = 1.8 C, are 
located between two oppositely charged parallel plates, as 
shown in Fig. 16-65. The two charges are separated by a 
distance of x = 0.47m. Assume that the electric field 
produced by the charged plates 1s 


uniform and equal to #£ = 53,000N/C. + L- 
Calculate the net electrostatic force on # = 
Ó; and give 1s direction. ƠI O;_- 
J9 ®@E 
+ I I Ñ 
1n. :§ 
FIGURE 16-65 .* ; m- 

Problem 55. —x—l 


Packing material made of pIeces of foamed polystyrene can 
easily become charged and stick to each other. Given that 
the density of this material is about 35 kg/mỶ, estimate 
how much charge might be on a 2.0-cm-diameter foamed 
polystyrene sphere, assuming the electric force between two 
spheres stuck together ¡is equal to the weight of one sphere. 


A poïnt charge ( = 1.0 gram) at the end of an insulating 
cord of length 5Š cm is observed to be in equilibrium In a 
uniform horizontal electric field of 9500 N/C, when the 
pendulum”s position 1s as shown In Fig. 16-66, with the 
charge 12cm above the lowest 
(vertical) position. If the field 
poInts to the right in Hg. 16-66, 
determine the magnitude and 
sign of the point charge. 


FIGURE 16-66 
Problem 57. l 


Two small, identical conducting spheres A and B are a 
distance # apart; each carries the same charge Ở. (z) What 
1s the force sphere B exerts on sphere A? (5) An identical 
sphere with zero charge, sphere C, makes contact with 
sphere B and 1s then moved very far away. What Is the net 
force now actine on sphere A? (c) Sphere C is broupht back 
and now makes confact with sphere A and 1s then moved 
far away. What Is the force on sphere A In this third case? 


For an experiment, a colleague oŸ yours says he smeared 
toner particles uniformly over the surface of a sphere 1.0m 
in diameter and then measured an electric field of 
5000 N/C near its surface. (z) How many toner particles 
(Example 16-6) would have to be on the surface to pro- 
duce these results? (5) What is the total mass of the toner 
particles? 


A proton (m = 1.67 x. 10 ”” kg) is suspended at rest in a 
uniform electric field E. Take into account gravity at the 
Earth”s surface, and determine E. 


471 


General Problems 


61 


@2. 


63. 


„ A poïint charge of mass 0.185 kg, and net charge +0.340 C, 


hangs at rest at the end of an insulating cord above a large 
sheet of charge. The hor1zontal sheet of fixed uniform charge 
creates a uniform vertical electric field in the vicinity of 
the point charge. The tension in the cord 1s measured to be 
5.18N. Calculate the magnitude and direction of the electric 
field due to the sheet of charge (Fig. 16—67). 


ØÓ =0.340 uC 
m =0.185 kg 


Uniform sheet of charge 
FIGURE 16-67 Problem ó1. 


An electron with speed œ = 5.32 x 106 m/s is traveling par- 
allel to an electric field of magnitude £ = 9.45 x 10N/C. 
(2) How far will the electron travel before 1t stops? (b) How 
much time wIll elapse before 1t returns to 1s starting point? 
Given the two charges shown In Eig. 16-68, at what posi- 
tion(s) x is the electric field zero? 


+Q —0Q/2 P 
FIGURE 16-68  -@—————$——————e- 
Problem 63. ==—d —>k* X Si 


Search and Learn 


64. 


65. 


66. 


67. 


What 1s the total charge of all the electrons In a 25-kg bar 
of aluminum? (Aluminum has 13 electrons per atom and an 
atomic mass of 27 u.) 

Two poiïnt charges, + and —Œ of mass , are placed on 
the ends of a massless rod of length /, which is fixed to a 
table by a pin throupgh 1ts center. If the apparatus 1s then 
subJected to a uniform electric field # parallel to the table 
and perpendicular to the rod, find the net torque on the 
system of rod plus charges. 

Determine the direction and magnitude of the electric field at 
point P, Eig. 16-69. The two charges are separated by a dis- 
tance of2a. Point P 1s on the perpendicular bisector of the line 
Joining the charges, a distance x from the midpoint between 
them. EXxpress your 

answers In terms of 


+ 
€. x, a, and k. lÓ n ' P 
FIGURE 16-69 & 
Problem 66. -g 
A mole of carbon contains 7.22 x 10”! electrons. Two 


electrically neutral carbon spheres, each containing 1 mole 
of carbon, are separated by 15.0cm (center to center). 
What fraction of electrons would have to be transferred 
from one sphere to the other for the electric force and the 
øravitational force between the spheres to be equal? 


1 


‹ Referring to Section 16-4 and Eigs. 16-11 and 16—12, what 


happens to the separation of the leaves of an electroscope 
when the charging obJect 1s removed from an electroscope 
(2) charged by induction and (b) charged by conduction? 
(c) Is it possible to tell whether the electroscope In Eig. 16—12a 
has been charged by induction or by conduction? TỶ so, which 
way was it charged? (đ) Draw electric field lines (Section 16—8) 
for the electroscopes In Figs. 16—11a and 16—11b, omitting 
the fields around the charging rod. How do the fields differ? 


- Four equal posifive point charges, each of charge 6.4 uC, 


are at the corners of a square of side 9.2 cm. What charge 
should be placed at the center of the square so that all 
charges are at equilibrium? Is this a stable or an unstable 
equilibrrum (Section 9—4) in the plane? 


. Suppose electrons enter a uniform electric field midway 


between two plates at an angle 0g to the horizontal, as 
shown in Eig. 16—70. The path is symmetrical, so they leave 
at the same angle 0o and just barely miss the top plate. 
What is 0g? Ignore 


fringing of the field. mẽ Ki — m - 
^^ GEN NHANG ¬~~. Xã 1.0 cm 
FIGURE 16-70 0g \ y7” E=3.8 x IUN/C_ TÀ.JÚ0 
B8 2P dc áp dc Hóc] 
Search and Learn3. ~Z ^= 


A 
A: 


B: 
LÊ 
D: 
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NSWERS TO EXERCISES 


(3). 

Opposite. 

0.3N, to the ripht. 
0.32 m. 


e 


4. 


'What experimental observations menfioned ïn the text rule 
out the possibility that the numerator in Coulombs law 
conftains the sum (Ới + 05) rather than the product Ới Ó2? 


‹ Near the surface of the Earth, there 1s a downward electric 


field of 150N/C and a downward gravitational field of 
9.8N/kg. A charged 1.0-kg mass ¡is observed to fall with 
acceleration 8.0 m/s”. What are the magnitude and sign of 
1(s charge? 


Identical negative charges (ŒQ = —e) are located at two of 
the three vertices of an equilateral triangle. The length of a 
side of the triangle is É. What ¡is the magnitude of the net 
electric field at the third vertex? If a thưd ¡identical 
negative charge was located at the third vertex, then what 
would be the net electrostatic force on it due to the other 
two charges? se symmetry and explain how you used 1t. 


Suppose that electrical attraction, rather than øravity, were 
responsible for holding the Moon In orbit around the Earth. 
T equal and opposite charges @ were placed on the Earth 
and the Moon, what should be the value of @ to maintain 
the present orbit? se data given on the Inside fronf cover 
of this book. Treat the Earth and Moon as point particles. 


(a)No; (P5) yes, midway between them. 
9.0 x 10N/C, vertically upward. 


: (đ), 1ƒ the two + charges are not at opposite corners (use 


symmetry). 


Electric Potential 


—Guess now! 


'When two posifively charged small spheres are pushed toward each other, what 
happens to their potential energy? 

Itremains unchanged. 

lt decreases. 

ltincreases. 

There 1s no potential energy 1n th1s situation. 


e saw in Chapter 6 that the concept of energy was extremely valuable 
in dealing with the subJect of mechaniIcs. For one thing, energy 1s a 
conserved quantity and 1s thus an important tool for understanding 
nature. Furthermore, we saw that many Problems could be solved using the 
energy concept even though a detailed knowledge of the forces involved was not 
possIble, or when a calculation Involving Newton?s laws would have been too 
difficult. 
The energy poInt oŸ view can be used mm elecfricity, and 1t 1s especially useful. 
It not only extends the law of conservation of energy, but 1t ø1ves us another way 
to view electrical phenomena. The energy concept 1s also a tool in solving Problems 
more easily in many cases than by using forces and electric fields. 


We are used to voltaøe 1n our 
lives—a 12-volt car battery, 110V 
or 220 V at home, 1.5-volt flashlipht 
batteries, and so on. Here we see 
displayed the voltage produced 
across a human heart, known as an 
electrocardiogram. Voltage 1s the 
same as electric potential difference 
between two points. Electric 
poftential 1s defined as the potential 
energy per unit charge. 

We discuss voltaøe and 11s 
relation to electric field, as well as 
electric energøy storaøe, capacItOrs, 
and applications including the ECG 
shown here, binary numbers and 
digital electronics, TV and compufter 
monifors, and digital'TV. 
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FIGURE 17-1 Work ¡s done by the 
electric field Ế in moving the 
pOosItive charge from position a to 
pOosiItion b. 


17—1 Electric Potential Energy and 
Potential Difference 


Electric Potential Energy 


To apply conservation of energy, we need to defne electric potenfial energy as we 
dịd for other types of potential energy. As we saw in Chapter 6, potential energy 
can be defined only for a conservative force. The work done by a conservafive 
force in moving an obJect between any two posifions 1s ndependent of the path 
taken. The electrostatic force between any two charges (Edq. 16-1, F = kO¡Q;/7?) 
1S COnservafive because the dependence on position 1s Just like the gravitational 
force (Eq. 5-4), which 1s conservative. Hence we can define potential energøy PE 
for the electrostatic force. 

We saw in Chapter 6 that the change in potential energy between any two 
points, a and b, equals the negative of the work done by the conservafive force on 
an obJect as 1t moves from point a to pointb: APE = —W. 

Thus we deflne the change 1n electric potential energy, PE,ạ — PE„, when a 
point charge g moves from some pornt a to another point b, as the negative of the 
work done by the electric force on the charge as 1t moves from poïnt a to poïnt b. 
For example, consider the electric fñield between two equally but oppositely charged 
parallel plates; we assume therr separation 1s small compared to their width and 
height, so the field E will be uniform over most of the region, Fig. 17—1. Ñow con- 
sider a tiny positive point charge Z placed at the poimt “a” very near the posIfIve 
plate as shown. Thỉs charge g is so small that it has no effect on E. If this charge Z at 
pornt a 1s released, the electric force will do work on the charge and accelerate 1t 
toward the negative plate. The work W done by the electric field E to move the 
charge a distance đ ¡is (using Eq. 16-5, Ƒ = gE) 


W = Hảd = qEd. [uniform E] 


The change In electric potenfial energy equals the negative of the work done by 
the electric force: 


PERọ — PEạ = —q#Èd [uniform E] (17-1) 


for this case of uniform electric field E. In the case illustrated, the potential 
enerøy decreases (ÁPE Is nepaftive); and as the charged particle accelerates from 
point a to point b in Fig. 17—1, the particle*s kinetic energy KE Increases—by an 
equal amount. In accord with the conservation of energy, electric potential energy 
1S transformed Into kinetic energy, and the total energy 1s conserved. Note that 
the posttive charge q has 1fs greatest potential energy at point a, near the posifIve 
plate.” The reverse is true for a negative charge: its potential energy is greatest 
near the negative plate. 


Electric Potential and Potential Difference 


In Chapter 16, we found it useful to define the electric field as the force per unit 
charge. Similarly, it is useful to define the elecfric pofenfial (or simply the 
potenfial when “electric” is understood) as the elecfric poterntial energy per unit 
charge. Electric potential 1s given the symbol V. Ifa positive test charge đ im an 
electric field has electric potential energy PEạ at some point a (relative to some 
Zero potential energy), the electric potential Wạ at this poïnt 1s 


PEa 
W, = —°- (17-2a) 


As we discussed in Chapter 6, only differences in potential energy are physically 
meaningful. Hence only the difference in potenfial, or the pofenfial difference, 


between two points a and b (such as those shown In Fig. 17-1) is measurable. 


TAt point a, the positive charøe ø has its øreatest ability to do work (on some other object or system). 
p P 8© 4đ b y J y 
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'When the electric force does positive work on a charge, the kinefic energøy Increases 
and the potential energy decreases. The difference 1n potential energy, PE, — PEạ, 
1s equal to the negative of the work, Wt¿, done by the electric field to move the 
charge from a to b; so the potential difference Vi; 1S 

Ta. acc (17-2h) 

q q 

Note that electric potential, like electric field, does not depend on our test charge g. 
W depends on the other charges that create the field, not on the test charge g; 
q acquires poftential energy by being In the potential W due to the other charges. 

We can see from our definition that the posifive plate in Hig. 17—1 1s at a hipher 
potential than the negative plate. Thus a posifively charged obJect moves naturally 
from a high potential to a low potential. A negative charge does the reverse. 

The unit of electric potential, and of potential difference, 1s Joules/coulomb 
and 1s given a special name, the volf, in honor of Alessandro Volta (1745-1827) 
who 1s best known for Iinventing the electric battery. The volt 1s abbreviated V, 
so 1V = 1]/C. Potential difference, since ït is measured in volts, is often referred 
to as volfage. (Be careful not to confuse V for volts, with 1talic W for voltage.) 

lỶ we wish to speak of the potential Vạ at some point a, we must be aware 
that Wạ depends on where the potential 1s chosen to be zero. The zero for electric 
potential in a given situation can be chosen arbitrarily, Just as for potential enerøy, 
because only differences in potential energy can be measured. Often the ground, 
or a conductor connected directly to the ground (the Earth), is taken as zero 
potential, and other potentials are øgiven with respect to ground. (Thus, a point 
where the voltage 1s 50 V 1s one where the difference of potential between 1t and 
ground ¡s 50 V.) In other cases, as we shall see, we may choose the potential to be 
Zzero at an infinite distance. 


CONCEPTUAL EXAMIPLE 17-1 | A negative charge. Suppose a negative 


charge, such as an electron, 1s placed near the negative plate 1n Fig. 17—1, at 
point b, shown here in Fig. 17—2. If the electron 1s free to move, wIÏl 1s electric 
potential energy Increase or decrease? How will the electric potenfial change? 


RESPONSE_ An electron released at poïnt b will be attracted to the positive plate. 
As the electron accelerates toward the positive plate, 1ts kinetic enerøy Increases, 
SO 1fs potential energy đecreases: PEạ < PEụ and APE = PEạ — PEp< 0. But 
nofe that the electron moves from point b at low potential to point a at higher 
potential: AV = Wạ — Vỹ > 0. (Potentials Wạ and W; are due to the charges on 
the plates, not due to the electron.) The signs of APE and AV are opposite 
because of the negative charge of the electron. 


NOTE A positive charge placed next to the negative plate at b would stay there, 
with no acceleration. A positive charge tends to move from high potential to low. 


Because the electric potential difference 1s defined as the potential energy 
difference per unit charge, then the change In potential energy of a charge đ 
when 1t moves from poInt a to poInt b 1s 


APE = PEp— PEạ = q(W— Mạ) = qÚa. (17-3) 


That 1s, If an obJect with charge ø moves through a potential difference VWpa, 1s 
potential energy changes by an amount gWý„. For example, 1f the potential dif- 
ference between the two plates In Fig. 17—1 1s 6 V, then a +1C charge moved 
from poïnt b to point a wIll gan (1C)(6 V) = 6J of electric potential energy. 
(And ït will lose 6 J of electric potential energy 1ƒ it moves from a to b.) Similarly, 
a +2 Ccharge will gam APE = (2 C)(6 V) = 12 ], and so on. Thus, electric potential 
difference 1s a measure of how much energy an electric charge can acqurre In a 
ø1ven situation. And, since energy 1s the ability to do work, the electric potential 
difference 1s also a measure of how much ?0ork a g1ven charge can do. The exact 
amount of energy or work depends both on the potenfial difference and on the charge. 


7T. 
: E Low 
High +——>—-_ potcntial 
potential Vb 
a l—>—gef 


2a „  D ¬Hiph PE 
for negative 
+———_ charge here 


FIGURE 17-2 Central part of 

Fig. 17—1, showing a negative point 
charge near the negative plate. 
Example 17-1. 


$*CAUTION 


A negatiue charge has high PE 
aohen potenfial V ¡s lotu 
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(a) (b) 
FIGURE 17-3 (a) Two rocks are at 
the same height. The larger rock has 
more potential energy. (b) Two 
posltive charges have the same 
electric potenfial. 'The 2Ó charge has 
more potential energy. 


TABLE 17-1 SomeTypical 
Potential Differences (Voltages) 


'Voltage 
Source (approx.) 


Thundercloud to ground 10Ÿ V 
Hiph-voltage power line 107-105 V 


Automobile ignition 10V 
Household outlet 102V 
Automobile battery 12V 
Flashlight battery 

(AA, AAA,C, D) 15V 
Resting potential across 

nerve membrane 101V 


Potential changes on skin 
(ECG and EEG) 102V 


FIGURE 17-4 Electron accelerated, 
Example 17-2. 


Vba= " 
5000 V 
s 
T+ự 
Nh 
++ 
b 
High 
voltage 


To better understand electric potential, lets make a comparIson to the øTavI- 
tatlonal case when a rock falls from the top of a chíf. The greater the height, h, 
Of a cliff, the more potential energy (= gh) the rock has at the top of the cliff 
relative to the bottom, and the more kinetic energy 1t will have when 1t reaches 
the bottom. The actual amount of kinetic energy 1t will acquire, and the amount 
of work 1t can do, depends both on the height of the chíff and the mass z of the 
rock. A large rock and a small rock can be at the same heipht h (Fig. 17-3a) and 
thus have the same “gravitational potential,” but the larger rock has the greater 
potential energy (it has more mass). The electrical case 1s similar (Fig. 17-3b): 
the potential energy change, or the work that can be done, depends both on the 
potential difference (corresponding to the height of the cliff) and on the charge 
(corresponding to mass), Eq. 17-3. But note a significant difference: electric 
charge comes In two types, + and —, whereas øravitational mass 1s always +. 

Sources of electrical energy such as batteries and electric øeneratOrs are meant 
to maintain a potential difference. The actual amount of energy transformed by 
such a device depends on how much charge flows, as well as the potential dif- 
ference (Eq. 17-3). For example, consider an automobile headlight connected 
to a 12.0-V battery. The amount of energy transformed (ïinto light and thermal 
enerøy) Is proportional to how much charge flows, which ín turn depends on how 
long the light is on. IỶ over a given period of time 5.0 C of charge flows through 
the light, the total energy transformed 1s (5.0 C)(12.0 V) = 601]. If the headlight 
1s left on twice as long, 10.0 C of charge wIll flow and the energy transformed 1s 
(10.0 C)(12.0V) = 1201]. Table 17—1 presents some typical voltages. 


Electron in TV tube. Suppose an electron is accelerated 
from rest through a potenfial difference VỊ — Wạ = Ma = +5000 V (Hg. 17-4). 
() What Is the change in electric potential energy of the electron? What is 
(b) the kinetic energy, and (e) the speed of the electron (z = 9.1 x 10”!kg) 
as a result of this acceleration? 


APPROACH The electron, accelerated toward the positive plate, will change in 
potential energy by an amount APE = gW‡¿ (Eq. 17-3). The loss in potential 
enerøy will equal its gain in kinetic energy (energøy conservation). 
SOLUTION (ø) The charge on an electron is gø= —e = —1.6 X 10C, 
Therefore 1ts change In potenfial ener8y 1s 

APE = gia = (—1.46 x 10?C)(+5000V) = -—8.0 x 101%, 
The minus sign mdicates that the potential energy decreases. The potential 
difference, W;a„, has a positive sien because the final potential Vị 1s higher than the 
1nifial potential Wạ. Negative electrons are attracted toward a posifive electrode 
(or plate) and repelled away from a negative electrode. 
(b) The potential energy lost by the electron becomes kinetic energy KE. From 
conservation of energy (Eq.6-11a), AKE + APE =0, so 

ÂKE = -—ÁPE 

2mm” T— 0 = —q(W,— Vị) = —qWa, 
where the Initial kinetic energy 1s Zzero since we are given that the electron 
started from rest. So the final KE = —gW;¿ = 8.0 x 1011. 
(c) In the equation Just above we solve for ?: 


2aW, 2(—1.6 x 10'°€)(5000 V 
7" . : Sì `... 10? m/s. 
m 9.1 x 102'kg 


NOTE The electric potential energy does not depend on the mass, only on the 
charge and voltage. The speed đøes depend on 7. 


(m = 1.67 x 10” kg) was accelerated from rest by a potential difference W¿ạ = —5000 V. 


EXERCISE A Instead of the electron ¡in Example 17-2, suppose a proton 
What would be the proton”s (z) change In PE, and (b) final speed? 
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17—2 Relation between Electric Potential 
and Electric Field 


The effects of any charge distribution can be described either 1n terms of electric ñeld 
or in terms of electric potenfial. Electric potential 1s often easler to use because If 1s 
a scalar, whereas electric field 1s a vector. There 1s an Iintimate connection between 
the potential and the field. Let us consider the case ofa umform electric field, such as 
that between the parallel plates of Fig. 17—1 whose difference of potential 1s Wa. 
The work done by the electric field to move a positive charge g from poïnt a to 
point b ¡is equal to the negative of the chanøge in potential eneregy (Eq. 17-2b), so 


W = -4(WM,- W,) = -qia. 


We can also write the work done as the force times distance, where the force on đ 1S 
F = qÈ, so 


W = Fd = qÈEd, 
where ở is the distance (parallel to the field lines) between poiïnts a and b. We 
now set these two expressions for W equal and ñnd gMa = —qEd. or 

Wạ = —Ed. [uniformE] (17-4a) 
Tf we solve for #, we find 
— Vta . 

đ 

From Edq. 17-4b we see that the unts for electric field can be written as volts 
per meter (V/m), as well as newtons per coulomb (N/C, from # = #/a). These “— Wa—*I 
are equivalent because 1 N/C = 1N-m/C-m = 11J/C-m = 1V/m. The minus +ị =50VL 
sien in Eq. 17-4b tells us that E points in the direction of decreasing potential V. + E 


E= [uniformE] (17-4b) 


Electric field obtained from voltage. Two parallel plates J là 
are charged to produce a potential difference of 50 V. TỶ the separation between 
the plates 1s 0.050 m, calculate the magnitude of the electric field in the space — 
between the plates (Fig. 17-5). Sĩ 


APPROACH We apply Eq. 17-4b to obtam the magnitude of #, assumed uniform. 
SOLUTION The magnitude of the electric field 1s + L 
E = ĐW/d = (50V/0.050m) = 1000 V/m. # l 


NOTE Equations 17-4 apply only for a uniform electric field. The general rela- L_. #5... 


tionship between E and W is more complicated. s 
FIGURE 17-5 Example 17-3. 


* General Relation between Ê and 


In a region where E is not uniform, the connection between E and V takes on a 
diferent form than Eqs. 17—4. In general, 1t 1s possible to show that the electric field 
1n a given đirection at any point in space 1s equal to the raíe af +0hích the electric 
potential decreases ouer distance in that direction. For example, the x component 
of the electric field is given by #¿ = —AV/Ax, where A V ¡is the change in poten- 
tial over a very short distance Ax. 


Breakdown Voltage 


'When very hiph voltaøes are present, air can become 1on1zed due to the high electric 
fñields. Any odd free electron can be accelerated to sufficlent kinetic energy to 
knock electrons out of Os; and N; molecules of the aIr. This breakdown 0Ý aIr OCCUTS 
when the electric field exceeds about 3 x 105 V/m. When electrons recombine with 
their molecules, light 1s emitted. Such breakdown OoŸ aïr 1s the source of lightning, 
the spark of a car's spark plug, and even short sparks between your fingers and a 
doorknob after you walk across a synthetic rug or slide across a car seat (which can 
result in a sipnificant transfer of charge to you). 
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ta 
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FIGURE 17-6 Equipotential lines 
(the green dashed lines) between 
two charged parallel plates are 


always perpendicular to the electric 
field (solid red lines). 


FIGURE 17-7 Equipotential lines 
(green, dashed) are always 
perpendicular to the electric field 
lines (solid red), shown here for two 
equal but opposifely charged 
particles (an “electric dipole”). 


FIGURE 17-8 A topographic map (here, 

a portion of the Sierra Nevada In Califormia) 
shows continuous contour lines, each of which 
1s at a ñxed height above sea level. Here they 
are at 80-ft (25-m) intervals. If you walk along 
one contour line, you neither climb nor 
descend. IÝ you cross lines, and especially 1 you 
climb perpendicular to the lines, you will be 
changing your gravitational potential (rapidly, 
1ƒ the lines are close together). 


Eleciron 0olt 
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17-3 Equipotential Lines and Surfaces 


The electric potential can be represented by drawing equipotentfial lines or, in three 
dimensions, equipofenfial surfaces. An equipotential surface 1s one on which all points 
are at the same potential. That 1s, the potential difference between any two poInfs 
on the surface 1s Zero, so no worKk 1s required to move a charge from one point on the 
surface to the other. An equipotential surƒace must be perpendicular to the electric field 
at any point. If this were not so—that is, if there were a component of E parallel to 
the surface——It would require work to move the charge along the surface against this 
component of E; and this would contradict the idea that it is an equipotential surface. 

The fact that the electric field lines and equipotential surfaces are mutually 
perpendicular helps us locate the equipotentials when the electric field lines are 
known. In a normal two-dimensional drawing, we show equipotential /mes, which 
are the Intersections of equipotential surfaces with the plane of the drawing. In 
Fig. 17—6, a few of the equipotential lines are drawn (dashed green lines) for the 
electric field (red lines) between two parallel plates at a potential difference of 
20 V. The negative plate 1s arbitrarily chosen to be zero volts and the potential of 
each equipotential line is indicated. Note that Ê points toward lower values of V. 
The equipotential lines for the case of two equal but oppositely charged particles 
are shown In Fig. 17—7 as green dashed lines. (This combination of equal + and — 
charges 1s called an “electric dipole,” as we saw In Section 16-6; see Eig. 16—32a.) 

Unlike electric field lines, which start and end on electric charges, equipotential 
lines and surfaces are always continuous and never end, and so continue beyond 
the borders of FEigs. 17-6 and 17-7. A useful analogy for equipotential lines 1s a 
topographic map: the contour lines are øravitational equipotential lines (Eig. 17—8). 

W© saw In Section 16—9 that there can be no electric field within a conductor in the 
static case, for otherwise the free electrons would feel a foree and would move. Indeed 
the emnire uolume oƒa conductor must be entirely at the same potential in the static case. 
The surface of a conductor is thus an equipotential surface. (IÝ it werenrt, the Íree 
electrons at the surface would move, because whenever there 1s a potential difference 
between two points, free charges will move.) This Is fully consistent with our result im 
Section 16-9 that the electric fñield at the surface of a conductor must be perpendicular 
to the surface. 


1⁄~4 The Blectron Volt, a Unit of Energy 


The Joule 1s a very large unit for dealing with energies Of electrons, atoms, or molecules. 
For this purpose, the unit electron volt (eV) is used. One electron volt is defined as 
the energy acquired by a particle carrying a charge whose magnitude equals that 
on the electron (đ = e) as a result of moving through a potential difference of 1 V. 
The charge on an electron has magnitude 1.6022 x 10'”C, and the change in potential 
energy equals gV. So 1 eV is equal to (1.6022 x 10ˆ'?C)(1.00 V) = 1.6022 x 101: 
1eV = 1.602 x10” + 1.60 x 10”Ị. 
An electron that accelerates through a potential difference of 1000 V wIlI lose 1000 e€V 
Of potential energy and thus gain 1000 eV or 1 keV (kiloelectron volt) of kinetIc energy. 


On the other hand, 1f a particle with a charge equal to twice the magnitude of the 
charge on the electron (= 2e = 3.2 x 101C) moves through a potential differ- 
ence of 1000 V, 1ts kinetic energy wIll increase by 2000eV = 2 keV. 

Although the electron volt 1s handy for sang the energles of molecules and 
elementary particles, 1t 1s zøf a proper SI umit. For calculations, electron volts should 
be converted to Joules using the conversion factor Just given. In Example 17-—2, for 
example, the electron acquired a kinetic energy of 8.0 x 10”!%J. We can quote 
this energy as 5000 eV (= 8.0 x 101%1/1.6 x 101?J/eV), but when determining 
the speed of a particle in SĨ units, we must use the KE In Joules (}). 


EXERGISE B_ What is the kinetic energy of a He”” ion released from rest and accelerated 
through a potential diference of 2.5kV? (z) 2500eV, (5) 500eV, (c) 5000eV, 
(đ) 10,000 eV, (e) 250 eV. 


17—5 Electric Potential Due to 
Point Charges 


The electric potential at a distance z from a single point charge Ở can be derived 
from the expression for its electric field (Eq. 16-4, E = kÓO/z?) using calculus. 
The potential in this case ¡is usually taken to be zero at infinity (= co, which 
means extremely, indefinitely, far away); this is also where the electric field 
(E = kO/r?) iszero. The result is 


V=kỆ - 
ự single point charge (17-5) 
1 Q ƒ =0atr=œ 
ã 4meg F` 


where k = 8.99 x 107NÑ-mˆ/CZ 9.0 x 107NÑ-m”/C?. We can think of W here 
as represenfing the absolute potential at a distance z from the charge @, where &® CAUTION 
ƒ =0 atr =cœ<; or we can think of W as the potential difference between r and 
ininity. (The symbol oo means infinitely far away.) Notice that the potential V 
decreases with the first power of the distance, whereas the electric field (Eq. 16-4) 
decreases as the sguare of the distance. The potential near a positive charge 1s large 
and posifive, and 1t decreases toward zero at very large distances, Fig. 17—9a. The 
potential near a negative charge 1s negafive and Increases toward zero at large 
distances, Eig. 17-9b. Equation 17-5 1s sometimes called the Coulomb potenfial 


1 1 
Ứo-_-, Eœ E7 {or a poimt charge 
dã l4 


FIGURE 17-9 Potential W as a 
function of distance r from a single 
point charge @ when the charge 1s 
(a) positive, (b) negative. 


(it has 1ts origin in Coulombs law). l4 
V=k = when >0 
EXAMPLE 17-4 ' Potential due to a positive or a negative charge. Deter- 
mine the potential at a poïnt 0.50 m (2) from a +20 C point charge, (5) from a 0 r 
—20 C point charge. | 
APPROACH The potential due to a poïint charge is given by Eq.17-5, V = kQ/r. (a) 
SOLUTION (ø) Ata distance of0.50 m from a positive 20 C charge, the potential 
1S V 
x | 
Vƒ = k _ 0 r 
* 1076 
= (90 x109N-m2/C9)| 2X €] = 36x 105V, V=kỸ when O<0 
0.50m 
(b) For the nepative charge, (b) 
—20 x 105C 
= (90 x 10N-m“/C? 3.6 x 107V. 
dt Phi | 0.50 m 


# PROBLEM SOLVING 
NOTE Potential can be positive or negative, and we always include a charg€ÌS “ø¿p /rzck oƒcjiarge sigis 


sien when we find electric potential. ƒor electric potenial 
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SÊŠ*CAUTION 


We cannotuse W = Fd 
1ƒ F is not constant 


SÊŠ*CAUTION 


Potemtial is a scalar and 
has HO COMDOH€HfS 


Work required to brïng two positive charges close 
together. What minimum work must be done by an external force to bring a 
charge đø = 3.00 C from a great distance away (take r = œ) to a point 0.500 m 
from a charge @ = 20.0 uC? 


APPROACH To find the work we cannot simply multiply the force times distance 
because the force is proportional to 1/rˆ and so is not constant. Instead we can 
set the change in potential enerey equal to the (positive of the) work required of an 
external force (Chapter 6, Eq. 6-7a), and Eq. 17-3: W¿x¿ = APE = q(W LẠ" 
We get the potentials Wẹ and Wạ using Eq. 17-5. 


SOLUTION The external work required is equal to the change In potential energy: 


xo 
W.xị — q(W; Vị) — dñ- ) 


where 7y = 0.500m and rạ = co. The ripht-hand term within the parentheses 1s 
zero (1/oo = 0) sO 


(8.99 x 10?N-m”/C?)(2.00 x 105C) 
(0.500 m) 


NOTE We could not use Edqs. 17-4 here because they apply ønmly to uniform 
fields. But we did use Eq. 17—3 because 1t 1s always valid. 


W.„ .=. (3.00 x 10C) = 1.081. 


EXERCISEC_ What work is required to bring a charge đ = 3.00 C originally a distance 
of 1.50 m from a charge @ = 20.0 C untHi it is 0.50 m away? 


To determine the electric field at poinfs near a collection of two or more 
point charges requires adding up the electric fields due to each charge. Since the 
electric field 1s a vector, this can be time consuming or complicated. To find the 
electric potential at a point due to a collectlon of point charges 1s far easler, 
because the electric potential 1s a scalar, and hence you only need to add numbers 
(with appropriate sipns) without concern for direction. 


Potential above two charges. Calculate the electric poten- 
tial (a) at point A in Fig. 17—10 due to the two charges shown, and (0) at poïnt B. 
[This ¡is the same situation as Examples 16—9 and 16—10, Fig. 16-29, where we 
calculated the electric field at these points.] 


APPROACH The total potential at point A (or at point B) ¡is the algebraic sum 
of the potentials at that point due to each of the two charges ; and @;. The 
potential due to each single charge 1s given by Eq. 17-5. We do not have to 
worry about đirections because electric potential 1s a scalar quantity. But we do 
have to keep track of the signs of charges. 


y 
A B 
bạc? \ 
NNNG X 
` N 
` ` S 
vớ, S 
` ` 
FIGURE 17-10 Example 17-6. (See also "HẠ - ` 
Examples 16—9 and 16—10, Eig. 16-29.) Sổ cữn The X % 
¬ < 
Xã X 
`» NX 
NNG, \ 
` ` 
Nụ \ 
Nu ` 
No VY 
26 cm 26 cm *À 


Ó› =+50 uC 
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SOLUTION (øa) We add the potentials at point A due to each charge Ở; and Ó;, 
and we use Eq. 17—5 for each: 


WA= VẠ¿ + VAi 
T1 


12DA HA 


where r;A = 60cm and z;A = 30cm. Then 


(9.0 x 10?N-m”/C”\(5.0 x 10 ”C) ` (9.0 x 10”N-m”/C?—5.0 x 105C) 


LN 0.30 m 0.60 m 
= 1.50 X 105V — 0.75 x 109V 
= 7.5 x10°V. 

(b) AtpoitB, mg = r;p = 0.40m, sO 

Vặ = Vpy + Vhị 


(9.0 x 10?N-m”/C”\(5.0 x 10 "C) ' (9.0 x 10?N-m”/C”}(—5.0 x 10ŠC) 


0.40m 0.40m 
= 0V. 


NOTE The two terms in the sum ïn (5) cancel for any point equidistant from 
; and Ó; (nm = rap). Thus the potential will be zero everywhere on the plane 
equidistant between the two opposite charges. This plane 1s an equipotential 
surface with W = 0. 


Simple summations like these can be performed for any number of point 
charges. 


CONCEPTUAL EXAMIPLE 17-7 | Potential energies. Consider the three 


paIrs of charges shown In Eig. 17—11. Call them Ó; and Ở;. (z) Which set has a 
pOosiftIve potential energy? (b) Which set has the most negative potential energy? 
(c) Which set requires the most work to separate the charges to Infinity? Assume 
the charges all have the same magnitude. 


RESPONSE The potential energy equals the work required to bring the two 
charges near each other, starting at a great distance (oo). Assume the left (+) charge 
Ó; 1s already there. To bring a second charge ; close to the first from a great 
đistance away (oo) requires external work 


W.xị = Ø@;VY — kề 


where z 1s the final distance between them. Thus the potential energy of the two 
charges 1s 


901271 


r 


PE = k 


(a) Set (11) has a positive potential energy because the charges have the same 
siøn. (b) Both (¡) and (1) have opposlte siøns of charge and negafive PE. 
Because r 1s smaller in (1), the PE 1s most negative for (ï). (c) Set (1) wIll require 
the most work for separation to Infnity. The more negafive the potential 
energy, the more work required to separate the charges and bring the PE up to 
Zero (r = oo), asIn Fig. 17—9b. 


EXERCISE D Return to the Chapter-Opening Question, page 473, and answer 1t again 
now. Try to explain why you may have answered differently the first time. 


(1) 


FIGURE 17-11 Example 17-7. 
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FIGURE 17-12 Electric dipole. 


Calculation of potential V at poit P. 


đÒPpnvysics APPLIED 
Dipoles in molecular biology 


TABLE 17-2 Dipole Moments 


of Selected Molecules 


Dipole Moment 
Molecule (C - m) 
Hạ©)OC) 6.1 x 1030 
HfŒ)ŒC) 3.4 x 10779 
N£Œ)H¿£) 5.0 x 10779 
>NC)—HÉ)  +3.0x 1039 
>CŒ)—=O) x80 x 1079! 


*'These last two groups often appear on 
larger molecules; hence the value for the 
dipole moment will vary somewhat, 
depending on the rest of the molecule. 


đÒpnvysics APPLIED 
ses öoƒ capacifors 


*17-6_ Potential Due to Electric Dipole; 


Dipole Moment 


TWwo equal point charges , of opposite siøn, separated by a distance f, are called 
an electric dipole. The electric field lines and equipotential surfaces for a dipole 
were shown 1n Fig. 17-7. Because electric dipoles occur often 1n physics, as well as 
1n other disciplines such as molecular biology, 1t 1s useful to examine them more 
closely. 

The electric potenfial at an arbitrary point P due to a dipole, Flg. 17—12, 1s the 
sum of the potentials due to each of the two charges: 


k k(— 
V= + cac = KO|, h2) Ar 


= k , 
r r+ Ar r— r+ Ar TA) 


where r 1s the distance from P to the positive charge and z + A7 1s the distance 
to the negative charge. This equation becomes simpler 1Ÿ we consider points P 
whose distance from the dipole 1s much larger than the separation of the two 
charges—that 1s, for r >> £. From FEig. 17-12 we see that Ar = fcosØ; since 
r >> Ar = Ícos0, we can neglect Ar in the denominator as compared to z. Then 
we obtain 


kQf cos 8 


r7 


VỤ [dipole; r >> f] (17-óa) 
We see that the potential decreases as the square of the distance from the dipole, 
whereas for a sinple poInt charge the potential decreases with the first power of 
the distance (Eq. 17-5). It 1s not surprising that the potential should fall off faster 
for a dipole: when you are far from a dipole, the two equal but opposIte charges 
appear so close together as to tend to neutralize each other. 

The product Óf in Eq. 17—6a 1s referred to as the dipole momenf, ?, of the 
dipole. Equation 17—6a In terms of the dipole moment 1s 


kp cos 8 


r 


G [dipole; r >> f] (17-6b) 
A đipole moment has unifs of coulomb-meters (C-m), although for molecules a 
smaller unit called a đebye is sometimes used: 1 debye = 3.33 x 10ˆ3°C-m. 

In many molecules, even though they are electrically neutral, the electrons spend 
more time In the vicinity of one atom than another, which results im a separation 
Of charge. Such molecules have a dipole moment and are called polar molecules. 
We already saw that water (Eig. 16-4) is a polar molecule, and we have encoun- 
tered others in our discussion of molecular biology (Section 16—10). Table 17-2 
gIves the dipole moments for several molecules. The + and — signs mdicate on 
which atoms these charges lie. The last two enftries are a part oŸ many organIc 
molecules and play an Iimportant role in molecular biology. 


17-27 Capacitance 


A capacifor 1s a device that can store electric charge, and normally consisfs OŸt†wO 
conducting objects (usually plates or sheets) placed near each other but not 
touching. Capacitors are widely used In electronic circuifs and sometimes are 
called ceondensers. Capacitors store charge for later use, such as in a camera flash, 
and as energy backup In devices like computers 1Ÿ the power fails. Capacitors 
also block surges of charge and energy to protect circuits. Very tiny capacItOrs 
serve as memory for the “ones” and “zeros” of the binary code 1n the random 
access memory (RAM) of computers and other electronic devices (as In 
Fig. 17-35). Capacitors serve many other applications as well, some of which we 
wIll discuss. 
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A simple capacItor consists oŸ a palr of parallel plates of area 4 separated by 
a small đistance đ (Fig. 17—13a). Often the two plates are rolled into the form of a 
cylinder with paper or other insulator separating the plates, Eig. 17—13b; Eig. 17—13c 
1s a photo oŸ some actual capacitors used for various applications. In circuit diasrams, 
the symbol 
L OT 1 L [capacitor symbol] 


represenfs a capacitor. A battery, which 1s a source of voltage, 1s indicated by the 
symbol 


hin [battery symbol] 


with unequal arms. 

TỶ a voltage 1s applied across a capacitor by connecting the capacitor to a bat- 
tery with conducting wires as In Eig. 17—14, charge flows from the battery to each 
Of the two plates: one pÏlate acquires a negative charge, the other an equal amount 
OŸ positive charge. Each battery terminal and the plate of the capacitor connected 
tO 1f are at the same poftential; hence the full battery voltaøe appears across the 
capacitor. For a øg1ven capacitor, 1f 1s found that the amount of charge @ acquired 
by cach plate 1s proportional to the magnitude of the potential difference W between 
the plates: 

Q = CV. (17-7) 
The constant of proportionality, C, in Eq. 17-7 1s called the capacitance of 
the capacitor. The unit of capacitance 1s coulombs per volt, and this unit 1s 
called a farad (F). Common capacitors have capacitance in the range of 1 pF 
(picofarad = 10 ”F) to 10 ¿EF (microfarad = 10 °F). The relation, Eq. 17-7, 
was first suggested by Volta in the late eighteenth century. 

In Eq. 17-7 and from now on, we will use simply V (n Italics) to represent a 
potential difference, such as that produced by a battery, rather than Wịạ, AV, or 
Mỹ — Vụ, as previously. 

AIso, be sure not to confuse /fafc letters V and C which stand for voltage and 
capacitance, with non-italic V and C which stand for the units volts and coulombs. 

The capacitance C does not in general depend on Ở or V. Its value depends 
only on the size, shape, and relative position of the two conductors, and also on the 
material that separates them. For a parallel-plate capacitor whose plates have area A 
and are separated by a distance đ of air (Fig. 17—13a), the capacitance 1s øiven by 


A 
€C = €g Eủ [parallel-plate capacitor] (17-8) 
We see that C depends only on geometric factors, 4 and đ, and not on Q or V. 
We derive this useful relation In the optional subsection at the end of this Section. 
The constant eụ 1s the permwitfioity öƒ free space, which, as we saw 1n Chapter 1ó, 
has the value 8.85 x 10”!“C”/N-m. 


EXERCISE E Graphs for charge versus voltage are shown in Fig. 17—15 for three capac- 
1tors, A, B, and C. Which has the greatest capacitance? 


FIGURE 17-13 
Capacitors: điagrams of 
(a) parallel plate, 

(b) cylindrical (rolled up 
parallel plate). (c) Photo 
Of some real capacItOrs. 


FIGURE 17-14 (a) Parallel-plate 
capacifor connected to a battery. 
(b) Same circuit shown using 
symbols. 


(b) 


$cAuiion 
V = potemial difference from here on 


FIGURE 17-15 Exercise E. 
A 


V 
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đÒPHvysics APPLIED 
Capacitor as po+0er backup; 
condenser microphone; 
cơmpufter keyboard 


Movable plate 
(diaphrazm) 


FIGURE 17-16 Diagram of a 
condenser microphone. 


FIGURE 17-17 Key on a computer 
keyboard. Pressing the key reduces the 
plate spacing, Increasing the capacitance. 


Key 
Movable : 
plate CapacItor 
Insulator Eixed 
(exible) plate 


Capacitor calculations. (z) Calculate the capacitance of a 
parallel-plate capacitor whose plates are 20 em % 3.0 em and are separated by a 
1.0-mm arr gap. (b) What 1s the charge on each plate 1ƒ a 12-V battery is connected 
across the two plates? (c) What is the electric field between the plates? (đ) Esti- 
mate the area of the plates needed to achieve a capacitance of 1 E, assuming the 
air gap đ is 100 times smaller, or 10 microns (1 micron = 1 m = 10m). 
APPROACH The capacitance ¡is found by using Eq. 17-8, C = eo A/đ. The 
charge on each plate 1s obtained from the definition of capacitance, Eq. 17-7, 
@ = CYV. The electric field is uniform, so we can use Eq. 17—4b for the magnitude 
E = V/4. In (đ) we use Eq. 17-8 again. 

SOLUTION (z2) The area 4 = (20 x 10?m)(3.0 x 10?”m) = 6.0 x 10'3m!. 
The capacitance C 1s then 


: A 6.0 x 103m2 
= Ca — = 
ì 1.0 x 103m 


(8.85 x 10!C7/N-m?) 


= 53pF. 


(b) The charge on each plate 1s 
Q = CV = (53x10F)(12V) = 
(c) From Edq. 17-4b for a uniform electric field, the magnitude of Ƒ 1s 


W 12V 
E= = =— = 12x 10°V/m. 
d 1.0 x 10m 
(đ) We solve for 4 in Eq. 17-8 and substitute € = 1.0F and đ = 1.0 x 10m 
to fnd that we need plates with an area 
Cả 1F)(1.0 x 10 '"m 
A= £ bà bị nm ) ~ 10°mỶ. 
€ọ (9 x 10”C”/N-m?) 
NOTE Thịs is the area of a square 10m or 1 km on a side. That is inconven- 
1enftly large. Large-capacitance capacitors wIll not be simple parallel plates. 


64x 10G. 


Not long ago, a capacitance øreater than a few mE was unusual. Today capacIfOTS 
are available that are 1 or 2 F, yet they are Just a few cm on a side. Such capacIfors are 
used as power backups, for example, in computer memory and electromics where 
the time and date can be maintained through tiny charge flow. [CapacItors are 
superIor to rechargable batteries for this purpose because they can be recharged 
more than 10” times with no degradation.] Such high-capacitance capacitors can 
be made of acfioated carbon which has very high porosity, so that the surface area 
1S very large; one-tenth of a gram of activated carbon can have a surface area of 
100 m°. Furthermore, the equal and opposite charges exist in an electric “double 
layer” about 10”m thick. Thus, the capacitance of 0.1 g of activated carbon, 
whose internal area can be 102 mỶ, is equivalent to a parallel-plate capacitor with 
C  eạA/d = (8.85 x 10” C?/N-m?)(10?m2)/(10?m) + 1E. 

The proportionality, CC œ 4A/đ in Eq. 17-8, ¡s valid also for a parallel-plate 
capacitor that 1s rolled up 1nto a spiral cylinder, as in Fig. 17—13b. However, the 
constant factor, eạ, must be replaced 1ƒ an 1nsulator such as paper separates the 
plates, as 1s usual, as điscussed In the next Section. 

One type of microphone 1s a condenser, or capacitor, microphone, diaperammed 
1n Fig. 17—16. The changing aIr pressure 1n a sound wave causes one plate of the 
capacitor C to move back and forth. The voltage across the capacitor changes at 
the same frequency as the sound wave. 

Some computer keyboards operate by capacitance. As shown in FElg. 17—17, 
each key 1s connected to the upper plate of a capacitor. The upper plate moves 
down when the key 1s pressed, reducing the spacing between the capacitor plates, 
and increasing the capacitance (Eq. 17-8: smaller đ, larger C). The change 
1n capacitance results in an electric sipgnal that is detected by an electronic 
CIrCuIt. 
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* Derivation of Capacitance for Parallel-Plate Capacitor 


Equation 17-8 can be derived using the result from Section 16-12 on Gauss”s 
law, namely that the electric field between two parallel plates 1s given by Eq. 16—10: 


= g/A . 
Sọ 
We combine this with Eq. 17—4a, using magnitudes, ƒ = Fđ, to obtain 
Ø 

 = l£}+ 
Then, from Eq. 17—7, the defimtion of capacitance, 

C = = = g = € _ 

V_ (0/As)d  ”d 


which is Eq. 17-8. 


17-8 Dielectrics 


In most capaciItors there 1s an insulating sheet of material, such as paper or plastic, 
called a đielectrie between the plates (Eig. 17—18). This serves several purposes. 
First, dielectrics break down (allowing electric charge to flow) less readily than air, 
so hipher voltages can be applied without charge passing across the gap. Further- 
more, a dielectric allows the plates to be placed closer together without touching, 
thus allowing an Increased capacitance because đ 1s smaller in Eq. 17-8. Thirdly, 
1t 1s found experimentally that 1f the dielectric fills the space between the two con- 
ductors, 1t Increases the capacitance by a factor K, known as the dielectric constant. 
Thus, for a parallel-plate capacItor, 


FIGURE 17-18 A cylindrical 
capacitor, unrolled from 1ts case to 


C = Re A, (17-9) show the dielectric between the 
d plates. See also Eig. 17—13b. 
This can be wriften 
A 
Œ = c—:› 
d 


where e = Keo 1s called the permiftfivity of the material. 
The values of the dielectric constant for various materials are given1n Table 17-3.  TABLE 17-3 
Also shown in Table 17-3 is the dielectric strength, the maximum electric field  Dielectric Constants (at 20°C) 


before breakdown (charge flow) occurs. Diciccrc Biciccbie 


Inserting a dielectric at constant V. An : constant strength 
tượn : "¬ h ' Material K (V/m) 

air-filled capacitor consisting of two parallel plates separated by a distance đ 1s 
connected to a battery of constant voltage W and acquires a charge @. Whileit  Vacuum 1.0000 
1s still connected to the battery, a slab of dielectric material with K = 3 isinserted  Air(1atm) 1.0006 3 x 106 
between the plates of the capacitor. WIII Q increase, decrease, or stay the same?  Paraffin 2.2 10 x 108 
RESPONSE Since the capacitor remains connected to the batfery, the voltage TU NNG REH: là, 24 x 10 
stays constant and equal to the battery voltage V. The capacitance Cincreases  Vinyl(plasic) 2-4 50 x 107 
when the dielectric material is inserted because K ¡n Eq. 17-9 has increased.  Paper 3.7 15 x 10 
From the relation @ = CV, if  stays constant, but Cincreases, Qmustincrease  Quartz 43 8 x 100 
as well. As the dielectric 1s Inserted, more charge will be pulled from the battery  Oil 4 12 x 1ữ 
and deposited onto the plates of the capacItor as Ifs capacItance Increases. Gilass, Pyrex 5 14 < 108 
EXERCISE F If the dielectric in Example 17—9 fills the space between the plates, by Ỷ.. 6.7 12 x 106 
what factor does (2) the capacitance change, (5) the charge on each plate change? Eoscliir 6-8 5x 106 

Inserting a dielectric into an isolated  Mica ĩ 150 x 10 


capacitor. Suppose the air-filled capacitor of Example 17-9 is charged(to(@)  Water(iquid) 8§0 
and then disconnected from the battery. Next a dielectric 1s inserted between the  Strontium 
plates. WiI Ó, C, or Vchange? titanate 300 8x 106 


RESPONSE The charge @ remains the same——the capacitor 1s isolated, so there 
1s nowhere for the charge to go. The capacitance Increases as a result oŸ Inserting 
the dielectric (Eq. 17-9). The voltage across the capacitor also changes—If 
decreases because, by Eq. 17-7, @Q = CV, so V = Q/C; 1 Q stays constant 
and Cincreases (it is in the denominator), then W decreases. 
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(c) 
FIGURE 17-19 Molecular view of 
the effects of a dielectric. 
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Ăn 


APPLIED 
Camera flash 


* Molecular Description of Dielectrics 


Let us examine, from the molecular point of view, why the capacitance o a 
capacitor should be larger when a dielectric 1s between the plates. A capacitor Cg 
whose plates are separated by an air gap has a charge + on one plate and —Q 
on the other (Eig. 17—19a). Assume If ¡s Isolated (not connected to a baftery) so 
charge cannot flow to or from the plates. The potential difference between the 
plates, Wọ, 1s given by Eq. 17-7: 
Ø = Q@Ù, 

where the subscripts refer to air between the plates. Now we Insert a dielectric 
between the plates (Fig. 17—19b). Because of the electric field between the capac- 
1tor plates, the dielectric molecules will tend to become orlented as shown 1n 
Hig. 17—19b. If the dielectric molecules are pølar, the positive end 1s aftracted to 
the negative plate and vice versa. Even If the dielectric molecules are not polar, 
electrons within them wïll tend to move slightly toward the posifive capacItor 
plate, so the effect is the same. The net effect of the aligned dipoles 1s a net nega- 
tive charge on the outer edge of the dielectric facing the posifive plate, and a net 
pOositive charge on the opposite side, as shown In Elg. 17—19c. 

Some of the electric field lines, then, do not pass through the dielectric but 
Iinstead end on charges induced on the surface as shown In Eig. 17—19c. Hence 
the electric field within the dielectric 1s less than in aIr. That 1s, the electric field 
in the space between the capacitor plates, assumed filled by the dielectric, has 
been reduced by some factor K. The voltage across the capacitor 1s reduced 
by the same factor K because ƒ = #đ (Eq. 17-4) and hence, by Eq. 17-7, Q = CV, 
the capacitance C must increase by that same factor K to keep Ở consftant. 


17-9 Storage of Electric Energy 


A charged capacitor stores electric energy by separating + and — charges. The 
energy stored In a capacitor will be equal to the work done to charge 1t. The net 
effect of charging a capacifor 1s to remove charge from one plate and add it to the 
other plate. This is what a battery does when 1t is connecfed to a capacItor. 
A capacitor does not become charged Instantly. It takes some time, often very little 
(Section 19—6). Initially, when the capacitor 1s uncharged, no work is required to 
move the first bit of charge over. As more charge 1s transferred, work 1s needed 
to move charge against the Increasing voltage V. The work needed to add a small 
amount of charge Ag, when a potential difference V 1s across the plates, 1s 
AW =VA¿a. The total work needed to move total charge Ở 1s equivalent to 
moving all the charge @ across a voltage equal to the øerage voltage during 
the process. (This 1s Just like calculating the work done fo compress a spring, 
Section 6-4, page 148.) The average voltaøe is (V: = 0)/ 2 = V;/2, where V is the 
final voltage; so the work to move the total charge @ from one plafe to the other 1s 


W=QO " 
2 
Thus we can say that the electric potential energy, PE, stored 1n a capacIfOT 1s 
PE = energy = ;QV, 
where V ¡s the potential difference between the plates (we dropped the subscript), 
and Ó 1s the charge on each plate. Since @ = CW, we can also write 
:Ơ, 
=Ẻ 
EXAMPLE 17-11 | Energy stored in a capacitor. A camera flash unit 
(Eig. 17-20) stores energy In a 660-F capacitor at 330 V. (z) How much electric 


energy can be stored? (b) What is the power output 1ƒ nearly all this energy 1s 
released In 1.0 ms? 


APPROACH We use Edq. 17-10 in the form PE = ¿CW” because we are given 
Cand V. 


PE = 3OVÝ = ;?CW? = (17-10) 
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SOLUTION (2z) The energy stored 1s 

PE = ;CÝ? = ;(660 x 10°F)(330V)? = 361. 
(b) If this energy is released in rạpg of a second (= 1.0ms = 1.0 x 10 3s), the 
power output is P = PE// = (36 J)/(1.0 x 103s) = 36,000 W. 


| EXERCISEG A capacitor stores 0.50 J of energy at 9.0 V. What is its capacitance? 


CONCEPTUAL EXAMIPLE 17-12 | Capacitor plate separation increased. 


A parallel-plate capacitor carries charge Ở and 1s then disconnected from a 
battery. The two plates are initially separated by a distance đ. Suppose the pÏaf€S FIQURE 17-20 A camera flash unit. 
are pulled apart until the separation is 2d. How has the energy stored ïn this The 660-F capacitor is the black 
capacitor changed? cylinder. 


RESPONSE T we mcrease the plate separation d, we decrease the capacitance 
according to Eq. 17-8, C = eo A/đ, by a factor of 2. The charge @ hasnt 
changed. So according to Eq. 17-10, where we choose the form PE = ¿Q?/C 
because we know 1s the same and C has been halved, the reduced Œ means 
the PE stored Increases by a factor of 2. 


NOTE We can see why the energy stored increases from a physical point of 
view: the two plates are charged equal and opposite, so they attract each other. 
TỶ we pull them apart, we must do work, so we raise the potential energy. 


Tt 1s useful to think of the energy stored 1n a capacItor as being stored in the 
electric field between the plates. As an example let us calculate the energy stored 
1n a parallel-plate capacifor In terms of the electric field. 

We have seen that the electric field E between two close parallel plates is 
nearly uniform and 1ts magnitude 1s related to the potential difference by 
V = Ed(Eq. 17-4), where đ is the separation. Also, Eq. 17-8 tells us C = eạ A/đ 
for a parallel-plate capacitor. Thus 


A 
PE = }CV? = (si l2) 


= jegE2Ad. 


The quantity Ádđ is the volume between the plates in which the electric field # 
exists. IfÝ we divide both sides of this equatlon by the volume, we obtain an 
expression for the energy per unit volume or energy densi(y: 

PE 


xgÌững = 3€ E2. (17—11) 


energy density = 
The elecfric energy stored per unit 0olume in any region 0ƒ space is proportional to 
the square oƒthe clectric ƒield 1n that region. We derived Edq. 17—11 for the special 
case of a parallel-plate capacitor. But 1t can be shown to be true for any region of 
space where there 1s an electric field. Indeed, we wIll use this result when we dis- 
cuss electromagnetic radiation (Chapter 22). 


Health Effects @PHvsics APPLIED 


The energy stored In a large capacitance can øIve you a burn or a shock. One reason Shocks, burns, defibrillators 
you are warned not to touch a circuif, or open an electronic device, 1s because 
capacitors may stIll be carrying charge even 1f the external power 1s turned off. 

On the other hand, the basis of a heart đefibrillafor 1s a capacitor charged to 
a high voltage. A heart attack can be characterized by fast irregular beating of 
the heart, known as 0emfricular (or cardiac) fibrillation. The heart then does not 
pump blood to the rest of the body properly, and 1f the interruption lasts for long, 
death results. A sudden, brief Jolt of charge through the heart from a defibrillator 
can cause complete heart stoppage, sometimes followed by a resumption of normal 
beating. The defbrillator capacitor 1s charged to a high voltage, typically a few 
thousand volfs, and 1s allowed to discharge very rapidly through the heart via a 
palr of wide contacts known as “pads” or “paddles” that spread out the current 
over the chest (Eig. 17-21). 


FIGURE 17-21 Heart defibrillator. 


"1" 
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(b) 
FIGURE 17-22 Two kinds of signal 
voltage: (a) sinusoidal, (b) a pulse, 
both analog. Many other shapes are 
pOossIble. 


TABLE 17-4 

Binary to Decimail 
Binary' Decimal 
number number 
00000000 0 
00000001 1 
00000010 2 
00000011 3 
00000100 4 
00000111 7 
00001000 8 
00100101 37 
11111111 255 


TNote that we start counting from right 
to left: the 1?s digit is on the far ripht, 
then the 2”s, the 4's, the 8”s, the 16s, the 
327s, the 64s, and the 128?s. 


FIGURE 17-24 The red analog sine 
wave, which Is at a 100-Hz frequency 
(1 wavelength ¡is done ¡in 0.010 s), has 
been convyerted to a 2-bit (4 level) 
digital signal (blue). 


6V 


Bit levels 
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17-10 Digital; Binary Numbers; 
Signal Voltage 


Batteries and a wall plug are meant to provide a constant supply voltage as power 
to operate a flashlight, an electric heater, and other electric and electronic devices. 

A signal voltage, on the other hand, 1s a voltage intended to affect something 
else. A sipnal voltage varies In time and can also be very brief. For example, 
a sound such as a pure tone, which may be sinusoidal as we discussed mm 
Chapters 11 and 12 (see Figs. 11-24 and 12-14), will produce an output voltage 
from a hiph quality microphone that 1s also sinusoidal. That signal voltage 1s 
ampliied and reaches a loudspeaker, making 1t produce the sound we hear. 
Signal voltages (see Fig. 17-22) are sometimes a simple pulse (as in Figs. 11-23 
and 11-33), and often act to change some aspect of an electronic device. 

Signal voltages are sent to cell phones (*I've got signal”), to computers from 
the Internet, or to 'TV sets with the information on the picture and sound. Not long 
ago, signal voltages were analog——the voltage varied continuously, as in Hg. 17-22. 

Today, television and computer signals are digifal and use a binary number 
system to represent a numerical value. In a normal number, such as 609, there are 
fen choIces for each digit——from 0 to 9——and normal numbers are called decimal 
(Latin for ten). In a binary number, each digit or bit has only /+0o possibilities, 
0 or 1 (sometimes referred to as “off” or “on”). In binary, 0001 means “one,” 
0010 means 2, 0011 means 3, and 1101 means 8 + 4 + 0 + 1 = 13 In decimal. 
See Table 17-4, and note that counting starts from the ripht, Just as in regular 
decimal (the “ones” digit 1s last, on the far right, then to the left 1s the “tens” and 
then “hundreds”: for 609, the “ones” are 9, the “hundreds” are 6). Any value can 
be represented by a voltage pattern something like that shown In Hg. 17-23. 


Voltaøe 
FIGURE 17-23 A travelins digi(al sipnal: 
voltage vs. positlon x or time í. If standing alone, 


V 
this sequence would represent 10011001 or 153 ". .. 
I283sÄ 64 's, 32) 16%, 8s 4s, 2% 


(= 128+0+0+16+8+0+0+ 1). : 


ƒ OTX 


A “1” 1s a posiftive voltage such as +5 V, whereas a “0” is 0 V. The brightness 
sienal, for example, that øgoes to each of the millions oŸ tiny pIicture elemenfs or 
“subpixels” of a TV or computer screen (Fig. 17-31, Section 17—11), 1s contained 
in a byfe. One byte 1s 8 bits, which means 


cach byte of 8 bifs allows 2Ÿ = 256 possibilities 


(that 1s, 0 to 255) or 256 shades for each of 3 colors: red, green, blue. The full 
color of each pixel (the three subpixel colors) has (256) = 17 x 10 possibilities. 
Digital television signals, which we discuss In the next Section, are transmitted 
at about 19 Mb/s = 19 Megabits per second. So 19 x 10 bits pass a given poïnt 
per second, or one bit every 53 nanoseconds. We could write this In terms of 
bytes as 2.4 MB/s, where for bytes we use capifal B. 

'When an analog signal, such as the pure sine wave of Eig. 17—22a, 1s converted 
to digital (analog-to-digital converter, ADC), the digital signal may look like the 
blue squared-off curve of Eig. 17-24. The digital signal has a limited number of 
discrete values. The difference between the original continuous analog signal and 
1ts digital approxImation 1s called the quanfizafion error or quanfizafion loss. To min- 
Im1ze that loss, there are two important factors: (1) the resolufion or bit depfh, which 
1s the number of bits or values for the voltaøe of each sample (= measurement); 
(1) the sampling rate, which is the number of times per second the original analog 
voltage 1s measured (“sampled”). 

Consider a digital approximation for a 100-Hz sine wave: Figure 17-24 shows 
() a 0 to 6-V, 2-bit depth, measuring only 4 possible voltages (00, 01, 10, 11, 
or 0, 1, 2, 3 in decimal), and (1) a sampling rate of (9 samples In one cycle or 
wavelength) % (100 cycles/s = 100 Hz) which is 900 samples/s or 900 Hz. This is very 
poor quality. For high quality reproduction, a øgreater bit depth and higher sampling 
rate are needed, which requires more memory, and more data to be transmitted. 


For audio CDs, the sampling rate 1s 44.1 kHz (44,100 samplings every second) 
and 16-biït resolution, meaning each sampled voltage can have 2x2 = 2! ~ 65,000 
different voltage levels between, say, 0 and Š5 volts. See Eig. 17-25 for detalls. 
Audio recording today typically uses 96 kHz and 24-bit (2'† ~ 17 x 10 voltage 
levels) to gIve a better approximation of the original analog signal (on super-CDs 
or solid-state memory), but must be transferred down to 44.1 kHz and 16-bit to 
produce ordinary CDs. (DVDs can use 192 kHz sampling rate for sound.) But 
1Pods and MP3 players have lower sampling rates and much less detail, which many 
listeners can notice. 


FIGURE 17-25 The sine wave shown could represent the analog electric 


sipenal from a microphone due to a pure 2000-Hz tone. (See Chapters 11 


Ị and 12.) The analog-to-digital electronics samples the signal—that 1s, 
measures and records the signal's voltaøe at intervals, many times per second. 
Đ Each dot on the curve represents the voltage measured (sampled) at that 
ó0  _ point. The sampling rate In this diagram 1s 44,100 each second, or 44.1 kHz, 
= 0.25 ms 0.50ms like aCD. Thatis, a sample is taken every (1 s)/44,100 = 0.000023 s = 0.023 ms. 


In 0.50 ms, as shown here, 22 samples (black dots) are taken. This is an 
alternate way to represent sampling compared to Hg. 17-24, and shows that 
we cannot see any changes that mipht happen between the samplings (dots). 


Figure 17-25 gives some details about a pure 2000-Hz sound sampled at 
44.1 kHz. Normal musical sounds are a complex summation of many such sine 
waves of different frequencles and amplitudes. A simple summation was shown 1n 
Fig. 12-14. Another example 1s shown 1n Eig. 17-26, where we can see that the 
fine details may be missed by a digital conversion. Look at Hg. 17-25: 1f that were 
20,000 Hz (highest frequency of human hearine), it would be sampled only about 
two times per wavelength. Both those samples might be zero volts——obviously missing 
the entire waveform. Over many wavelengths, it might eventually reproduce the 
waveform somewhat well. But many sounds only last milliseconds, like the Imitial 
attack of a piano nofe or plucked guitar string. Many audiophiles hear the difference 
between an original vinyl record and 1ts subsequent release as a CD at 44.1 kHz. 

Digital audio signals must be converted back to analog (digital-to-analog converfer, 
DAC) before being sent to a loudspeaker or headset. Even in a TV, the digital 
sienals are converted to analog voltaees before addressing the pixels (next 
Section), although the picture itself might be said to be digital since 1t is made up 
Of separate pIxels. 

Digital photographs are made up of millions of “pixels” to produce a sharp 
image that is not “pixelated” or blurry. Also important (and complicated) are the 
number of bits provided for colors, plus the ability of the sensors (Chapter 25) to 
sustam a wide range of brightnesses under dim and bright light conditions. 

Digital data has some real advantages: for one, it can be eompressed, in the 
sense that repeated Imnformation can be reduced so that less memory space 1s 
required—fewer bifs and bytes. For example, adjacent “pixels” on a photograph 
that includes a blue sky may be essentially identical. If200 almost 1dentical pixels 
can be coded as identical, that takes up less memory (or “size”) than to specIfy all 
the 200 pixels individually. Compression schemes, like jpeg for photos, lose some 
1nformation and may be noticeable. In audio, MP3 players use one-tenth the space 
that a CD does, but many listeners don't notice. Compression 1s one reason that 
more data or “information” can be transmitted digitally for a given bandwidth. 
[Bandwidth ¡s the fixed range of frequencies allotted to each radio or TV station 
or Internet connection, and limits the number of bits transmitted per second.] 

In audio, many listeners claim that digital does not match analog 1n full sound 
quality. And what about movies? WIII digital ever match Technicolor? 


*Noise 
Digital mformation transmission has another advantage: any distortion or unwanted 
(external) electrical signal that intrudes from outside, broadly called noise, can 
badly corrupt an analog signal: Eig. 17—27a shows a time-varying analog signal, and 
FIig. 17-27b shows nasty outside noise interfering with it. But a digifal signal 1s 
stll readable unless the noIse 1s very large, on the order of half the bịt signal 1tself 
(Eigs. 17—27c and d). 


FIGURE 17-26 This type of complex 
signal is mụch more normal than the 
pure sine wave of Hg. 17-25. 
Sampling may not cach all the details, 
especially because the waveform 1s 
changing very fast In time. 


V 


FIGURE 17-27 (a) Original analog 
sienal and (b) the same signal dirtied up 
by outside signals (= noise). (c) A digital 
signal 1s still readable (d) without 
©Tror 1ƒ the noise 1s not too øreat. 


(a) Analog signal 


(b) Analog signal plus noise 


1l] IL— 


(c) Digital signal 


(đ) Digital signal plus noise 
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Cathode Anode 


-ll+ 

Battery 
FIGURE 17-28 If the cathode inside 
the evacuated glass tube 1s heated to 
ølowing (by an electric current, not 
shown), negatively charged 
“cathode rays” (= electrons) are 
“boiled off” and flow across to the 
anode (+), to which they are 
aftracted. 
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FIGURE 17-29 A cathode-ray 

tube. Magnetic deflection colls are 
commonly used in place of the electric 
deflection plates shown here. The 
relative positIlons of the elements 
have been exaggerated for clarity. 
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FIGURE 17-30 Electron beam sweeps 
across a CRT television screen in a 
succession of horizontal lines. Each 
hor1zontal sweep 1s made by varying 
the voltage on the horizontal deflection 
plates (Fig. 17-29). Then the electron 
beam 1s moved down a short distance 
by a change In voltage on the vertical 
deflection plates, and the process 
(referred to as a raster) Is repeated. 
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*JZ7~—11 TV and Computer Monitors: 


CRTs, Elat Screens 


The first television receivers used a cafhode ray tube (CRT), and as recently as 
2008 they accounted for half of all new TV sales. TWwo years later 1t was tough to 
find a new CRT set to buy. Even though new 'TV sets are flat screen plasma or 
liquid crystal displays (LCD), an understanding of how a CRT works 1s useful. 


*CRT 


The operation of a CRT depends on thermionic emission, discovered by Thomas 
Edison (1847—1931). Consider a voltage applied to two small electrodes inside an 
evacuated glass “tube” as shown In Elig. 17-28: the cathode 1s negative, and the 
anode ïs positive. If the cathode is heated (usually by an electric current) so that 
1t becomes hot and glowing, 1t 1s found that negative charges leave the cathode 
and flow to the posifive anode. These negatIve charges are now called electrons, 
but originally they were called cathode rays because they seemed to come from 
the cathode (more detail in Section 27—1 on the discovery of the electron). 

Figure 17—29 1s a simplifled sketch of a CRT which 1s contained In an evacuated 
ølass tube. A beam of electrons, emitted by the heated cathode, 1s accelerated by 
the high-voltage anode and passes through a small hole in that anode. The Inside 
of the tube face on the ripht (the screen) is coated with a fluorescent material that 
ølows at the spot where the electrons hit. Voltage applied across the hor1zontal 
and vertical deflection plates, Fig. 17—29, can be varied to deflect the electron beam 
to different spofs on the screen. 


Horizontal 
deflection plates 
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Heater 
current 


Bright spot 
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Vertical 
deflection plates 


In TV and computer monifors, the CRT electron beam sweeps over the screen 
1n the manner shown In Fig. 17-30 by carefully synchronized voltages applied to 
the deflection plates (more commonly by magnetic deflection coils—Chapter 20). 
During each hor1zonfal sweep of the electron beam, the grid (Fig. 17-29) receives a 
sienal voltage that limifs the flow of electrons at each imnstant during the sweep; 
the more nesative the grid voltage 1s, the more electrons are repelled and fewer 
pass through, producing a less bright spot on the screen. Thus the varying grid 
voltage 1s responsible for the briphtness of each spot on the screen. At the end of 
each hor1zontal sweep of the electron beam, the horizontal deflection voltage 
changes dramatically to bring the beam back to the opposite side of the screen, 
and the vertical voltage changes sliphtly so the beam begins a new hor1zontal 
sweep slightly below the previous one. The difference 1n brightness of the spots on 
the screen forms the “picture.” Color screens have red, green, and blue phosphors 
which glow when struck by the electron beam. The varIous brightnesses of adJacent 
red, preen, and blue phosphors (so close topether we don't distinguish them) 
produce almost any color. Analog TV for the U.S. provided 480 visible hor1zontal 
sweepsÏ to form a complete picture every zgs. With 30 new frames or pictures 
every second (25 in countries with 50-Hz line voltage), a “moving picture” 1s displayed 
on the TV screen. (Note: commercial movies on film are 24 frames per second.) 


T525 lines in total, but only 480 form the picture; the other 45 lines confain other information such as 
synchronization. The sweep is inferlaced: that is, every ¿gs every other line is traced, and in the 
next qps, the lines in between are traced. 


* Flat Screens and Addressing Pixels 


Today'”s flat screens contain millions of tiny p¡cfure elemens, or pixels. Each pixel 
consis(s of 3 subpixels, a red, a green, and a blue. A close up oŸ a common arrange- 
ment of pixels 1s shown in Fig. 17-31 for an LCD screen. (How liquid crystals work 
in an LCD screen is described in Section 24—11.) Subpixels are so small that at 
normal viewing distances we don't distinguish them and the separate red (R), 
green (G), and blue (B) subpixels blend to produce almost any color, depending 
on the relative bripghtnesses of the three subpixels. Liquid crystals act as filters 
(R, G, and B) that filter the light from a white backligh(, usually fluorescent 
lamps or lghí-emiting diodes (LED, Section 29~9).” The picture you see on 
the screen depends on the level of brightness of each subpixel, as suggested in 
FIg. 17-32 for a simple black and white pIcture. 

High definiion (HD) television screens have 1080 horizontal rows of pixels, 
cach row consisting of 1920 pixels across the screen. That 1s, there are 1920 vertical 
columns, for a total of nearly 2 million pixels. Today, television 1n the U.S. 1s trans- 
mitted digitally at a rate of60 Hz——that is, 60 frames or pictures per second (50 Hz 
in many countries) which makes the “moving picture.” To form one frame, each 
subpixel must have the correct briphtness. We now describe one way of doïng this. 

The brightness of each LCD subpixel (Section 24-11) depends on the voltage 
between Ifs front and 1ts back: 1f this voltage A V 1s zero, that subpixel is at maximum 
brightness; 1ƒ AV 1s at 1s maximum (which might be +Š volts), that subpixel 1s dark. 

Giving the correct voltage (to provide the correct briphtness) 1s called 
addressing the subpixel. Typically the front of the subpixel 1s maintained at a 
positive voltage, such as +5 V. On the back of the display, the voltage at each 
subpixel 1s provided at the Intersection of the 1080 hor1zontal wires (rows) and 
1920 x 3 (colors) 6000 vertical wires (columns). See Fig. 17-33, which shows the 
array, or mafrix, of wires. Each 1ntersection of one vertical and one hor1zontal wire 
lies behind one subpixel. Because many frames are shown per second, the signal 
voltages applied are brief, like a pulse (see Fig. 17-22b or 11-23). 


RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB RGB 


This pixel, with 

all 3 colors shining, 
would appear white 
at viewing distances 


The video signal that arrives at the display acfivafes only one hor1zonftal wire at 
a time (the orange one In Eig. 17-33): that one horizontal wire has a voltage (let”s 
say +20 V) whereas all the others are at 0V. That 20 V 1s not applied directly to 
the pixels, but a/fo+os the vertical wires to apply briefly the proper “sIgnal voltage” to 
each subpixel along that row (via a transistor, see below). These sipgnal voltages, 
known as the dafa stream, are applied to all the vertical wires Just as that one TOW 1s 
activated: they provide the correct bripghtness for each subpixel In that activated row. 
A few subpixels are highlighted in Eig. 17-33. Immediately afterward, the other 
rows are activated, one by one, until the entire frame has been completed (ïn sp $). 
TLEDs are discussed in Section 29-9. Home TVs advertised as LED generally mean an LCD screen 


with an LED backlipht. LED pixels small enough for home screens are difficult to make, but actual 
LED screens are found In very large displays such as at stadiums. 


FIGURE 17-31 Close up of a tiny 
section of two typical LCD screens. 
You can even make out wires and 
transistors in the one on the right. 
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FIGURE 17-32 Example of an 
1mage made up of many small 
squares or ø/xe/s (picture elements). 
This one has rather low resolution. 


FIGURE 17-33 Array of wires 

(a matrix) behind all the pixels on an 
LCD screen. Each Intersection of two 
Wwires is at a subpixel (red, green, or 
blue). One horizonfal wire 1s activated 
at a time (the orange one at the 
moment shown) meaning ït is at a 
pOositive voltase (+20 V) which 
allows that one row of pixels to be 
addressed at that moment; all 

other horizontal wires are at 0 V. At 
this moment, the data stream arrIiVes 
to all the vertical wires, presenting the 
needed voltase (between 0 and 5 V) 
to produce the correct briphtness for 
cach of the nearly 6000 subpixels along 
the activated row. 
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FIGURE 17-34 Thin-film transistor. 
One Is attached to each screen 
subpIxel. 


Then a new frame 1s started. The addressing of subpixels for each row of each frame 
serves the same purpose as the sweep of the electron beam in a CRT, Hig. 17-30. 


* Active Matrix (advanced) 


High-definition displays use an acfive mafrix, meaning that a tiny thin-film 
transisfor (TT) ¡s attached to a corner of the back of each subpixel. (Transistors 
are discussed in Section 29—10.) One electrode of each TFT, called the “source,” is 
connected to the vertical wire which addresses that subpixel, Fig. 17-34, and the 
“drain” electrode 1s connected to the back of the subpixel. The horizontal wIre that 
serves the subpixel is connected to the transistor”s gafe electrode. The gate”s voltage, 
by attracting charge or not, funcfions as a switch to connect or disconnect the sOurce 
voltage to the drain and to the back of the subpixel (its front is fixed at +5 V). 
The potential difference AV across a subpixel determines If that subpixel wIll be 
bripht in color (AW = 0), black (AW = maximum), or something in between. See 
Fig.17-35. AlI the subpixel TFTS along the one activated horizontal wire (the oranpe 
one in Eig. 17-33) will have +20 V at the gate: the TF TS are turned “on,” like a 
switch. That allows electric charge to flow, connecting the vertical wire signal volt- 
age at each TF source to 1fs drain and to the back of the subpixel. Thus all 
subpixels along one row receive the brightness needed for that line of the frame. 


AV 
FIGURE 17-35 Circuit diagram for one subpixel. The E = LỊ 
front of the subpixel Is at +5 V. If the TT gate 1s at 20V " V 
(horizontal wire activated), the data stream voltage is applied Ậ 


to the back of the subpixel, and determines the brightness of that 
subpIxel. If the gate 1s at 0V (horizontal wire not activated), the 0V 
TRFT 1s “off”: no charge passes through, and the capacitance 

helps maintain A V until the subpixel is updated n § later. 


FIGURE 17-36 An clectrocardiosram 
(EC@) trace displayed on a CRT. 
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'Within a subpixel”s electronics 1s a capacitance that helps maintain the AV until 
that subpixel is updated with a new signal for the next frame, ¿;s later (+ 17 ms). 
The row below the orange one shown 1n Flig. 17—33 1s activated about 15 s later 
[= (ạ S)(T00naes)]- The 6000 vertical wires (data lỉnes) get their sipnal voltages 
(data stream) updated just before each row is activated in order to establish the 
briphtness of each subpixel mm that next row. All 1080 rows are activated, one-by-one, 
within a¡s (+ 17ms) to complete that frame. Then a new frame is started. 

New TV sets today can often refresh the screen at a higher rate. A refresh rate 
of 120 Hz (or 240 Hz) means that frames are interpolated between the normal ones, 
by averaging, which produces less blurring In fast action scenes. 

Digital TV is transmitted at about 19 MB/s as mentioned in Section 17-10. 
(This rate is way too slow to do a full refresh every ạp s—try the caleulation and 
See——so a lot OŸ compression 1s done and the areas where most movemenf OCCurs øet 
refreshed.) The TV set or “box” that receives the digifal video signal has to decode the 
sipnal in order to send analog voltages to the pixels of the screen, and at Just the 
ripht time. TV stations In the U.S. are allowed to broadcast HD at 1080 x 1920 pixels 
or at 720 x 1280, or in standard definition (SD) of480 < 704 pixels. 

[When you read 1080p or 1080i for a TV, the “p” stands for “progressive,” 
meaning an entire frame is made in ¿¡s as described above. The “i” stands for 
“interlaced,” meaning all the odd rows (half the picture) are đone in a; s and then 
all the even rows are done in the next äps, so a full picture is done at 30 per second 
or 30 Hz, thus reducing the data (or bit) rate. Analog TV (US) was 4801.] 


* Oscilloscopes 


An oscilloseope 1s a device for amplifying, measuring, and visually displaying an 
electrical signal as a function of time on an LCD or CRT monitor, or computer 
screen. The visible “trace” on the screen, which could be an electrocardiogram 
(Fig. 17-36), or a signal from an experiment on nerve conduction, 1s a plot of the 
sienal voltage (vertically) versus time (horizontally). [In a CRT; the electron 
beam 1s swept hor1zonfally at a umform rate in time by the horizontal deflection 
plates, Eigs. 17-29 and 17-30. The signal to be displayed is applied (after amplIfi- 
cation) to the vertical deflection plates. | 


*17—-12 Electrocardiogram 
(ECG or EKG) 


Each time the heart beats, changes In electrical potential occur on 1ts surface that 
can be detected using c/ecfrodes (metal contacts), which are attached to the 
skin. The changes In potential are small, on the order of millivolts (mV), and must 
be amplified. They are displayed with a chart recorder on paper, or on a monItOr 
(CRT or LCD), Eig. 17—36. An elecfrocardiogram (ECG or EKG) 1s the record of 
the potential changes for a g1ven person”s heart. An example 1s shown In Rlg. 17-37. 
We now look at the source of these potenfial changes and therr relation to heart 
aCfIVItV. 
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FIGURE 17-37 Typical ECG. 
Two heart beats are shown. 


Voltage 


Time 


Both muscle and nerve cells have an electric dipole layer across the cell wall. 
That 1s, in the normal situation there 1s a net positive charge on the exferIor surface 
and a net negafive charge on the Interior surface, Fig. 17—38a. The amount of charge 
depends on the size of the cell, but is approximately 103 C/m of surface. For a cell 
whose surface area is 10” m°, the total charge on either surface is thus ~ 103C. Just 
before the contraction of heart muscles, changes occur 1n the cell wall, so that posi- 
tive 1ons on the exterior of the cell are able to pass through the wall and neutralize 
charge on the Inside, or even make the Inside surface slightly posifIve compared to the 
exterior. This “depolarizatlon” starts at one end of the cell and progresses toward the + 


FIGURE 17-38 Heart muscle cell 
showing (a) charge dipole layer in 
resting state; (b) depolarization of 
cell progressing as muscle begins to 
contract; and (c) potential W at 
poInts P and P' as a function of time. 


=m 
oppostfe end, as ndicated by the arrow 1n Hg. 17—38b, until the whole muscle 1s depolar- + _ NG 

1zed; the muscle then repolar1zes to Ifs oripinal state (Hig. 17-38a), allin lessthana  ạ WM `Š' ‹ 
second. Figure 17-38c shows rough graphs of the potential W as a function oftimeat  P TS p1 P 


the two points P and P“ (on either side of this cell) as the depolarization moves acrOSS + — =7. 


the cell. The path of depolarization within the heart as a whole 1s more complicated, @) 
and produces the complex potential difference as a function of time, Fig. 17—37. 
]t 1s standard procedure to divide a typical electrocardiogram I1nfo reg1ons ++ 


corresponding to the various deflections (or “waves”), as shown mm Eig. 17-37. - gi ¬" 
Each of the deflections corresponds to the activity of a particular part of the heart 
beat (Eig. 10-42). The P wave corresponds to contraction of the atria. The QRS 
Ø8rOup corresponds to confraction of the ventricles as the depolar1zation follows ` 
a very complicated path. The T' wave corresponds to recovery (repolarization) of 
the heart in preparation for the next cycle. 

The ECG 1s a powerful tool in identifying heart defects. For example, the right 
side of the heart enlarges 1ƒ the right ventricle must push against an abnormallylaree VỊ  Atpoint V 
load (as when blood vessels become hardened or clogsed). This problem ¡s readily P f 
observed on an ECG, because the S wave becomes very large (negatively). Inƒarcis, At point 
which are dead regions of the heart muscle that result from heart attacks, are also F 
detected on an ECG because they reflect the depolar1zation wave. () 


Summary 


'ơe 
L1 
+r+ 
+ + 
LÍ 

++ 
'de 


The electric pofenfial V at any poiïnt in space 1s defined as the 
electric potential energy per unit charge: 
PEa 
q 

The electric potential difference between any two points 
1s defined as the work done to move a 1C electric charge 
between the two points. Potential difference ¡is measured in 
volts (1V = 11J/C) and ¡s often referred to as voltage. 

The change in potential energy when a charøe ø moves 
throuph a potential difference Wba 1s 


qWba- 


le (17-2a) 


APE = (17-3) 


The potential difference Vba between two points a and b 

where a uniform electric field # exisfs 1s øIven by 
Wba = —Ed, 

where đ ¡is the distance between the two poInts. 

An equipotenfial line or surface 1s all at the same poten- 
tial, and is perpendicular to the electric field at all points. 

The electric potential at a position P due to a sinple point 
charge Ó, relative to zero potential at infinity, 1s øIven by 

kQ 


r 


(17-4a) 


V (17-5) 
where r is the distance from Ó to position P and k = 1/47g. 
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[*The potential due to an electric đipole drops off as 1/7”. 
The dipole moment is p = Q, where £¡s the distance between 
the two equal but opposite charges of magnitude Ở.] 

A capacifor is a device used to store charge (and electric 
energy), and consIsfs of two nontouching conductors. The two 
conductfors hold equal and opposite charges, of magnitude Ớ. 
The ratio of this charge to the potential difference W between 
the conductors is called the capacifance, C: 

Q 
Œ = r or @ = CV. 

The capacitance of a parallel-plate capacitor 1s proportional 
to the area 4 of each plate and Iinversely proportional to theIr 
separation đ: 


(17-7) 


C = <p S (17-8) 
d 
The space between the two conducfors oŸ a capacItor 
confains a nonconducting material such as air, paper, or plastic. 
These materials are referred to as đielectrics, and the capaci- 
tance Is proportional to a property of dielectrics called the 
dielectrie constant, K (equal to 1 for air). 
A charged capacifor stores an amount of electric energøy 
g1ven by Q2 
3CV? = ÿ——- 
SỐ 


PE = ;QV 


This energy can be thought of as stored in the electric field 
between the plates. 


(17-10) 


The energy stored In any electric field # has a density 


electrIc PE 


= jeg#”. (17-11) 


volume 

Digital electronics converts an analog signal voltage into 
an approximate digital voltage based on a binary code: each bit 
has two possibilities, 1 or 0 (also “on” or “off”). The binary 
number 1101 equals 13. A byte is 8 bits and provides 2Š = 256 
voltage levels. Sampling rafe 1s the number of voltage measure- 
ments done on the analog signal per second. The bit depth 1s 
the number of digital voltage levels available at each sampling. 
CTDs are 44.1 kHz, 16-bit. 

[Z1V and computer monitors traditionally used a cafhode ray 
tube (CRT) which accelerates electrons by hiph voltage, and 
sweeps them across the screen In a regular way using magnetic 
coils or electric deflection plates. LCD fẨlat screens contain 
millions of pixels, each with a red, sreen, and blue subpixel whose 
brightness is addressed every ạp s via a mafrix of horizontal and 
vertical wires using a digital (binary) code. ] 

[#“An electrocardiosram (ECG or EKG) records the 
potential changes of each heart beat as the cells depolarize 
and repolar1ze. ] 


 Questions 


1. Iftwo points are at the same potential, does this mean that 
no net work 1s done In moving a test charge from one poïnf to 
the other? Does this imply that no force must be exerted? 
Explain. 


2. I a negative charge 1s Initially at rest in an electric field, 
wIll it move toward a region of hipher potential or lower 
potential? What about a positive charge? How does the 
potential energy of the charge change In each Iinstance? 
Explain. 


3. State clearly the difference (z) between electric potential 
and electric field, (b) between electric potential and elec- 
tric potential energy. 


4. An electron 1s accelerated from rest by a potential differ- 
ence of 0.20V. How much greater would its final speed 
be IŸ it 1s accelerated with four times as much voltage? 
Explain. 


5. Is there a point along the line Jjoining two equal positive 
charges where the electric field is zero? Where the electric 
potential is zero? Explain. 


6. Can a particle ever move Írom a region of low electric 
potential to one of hiph potential and yet have is electric 
potential energy decrease? Explain. 


7. lÝ ƒ = 0 ata pointin space, must E = 0? If E = 0 atsome 
point, must ƒ = 0 at that point? Explain. Give examples 
for each. 


§. Can two equipotential lines cross? Explain. 
9. Draw in a few equipotential lines in Fig. 16—32b and c. 


10. When a battery 1s connected to a capacitor, why do the 
two plates acquire charges of the same magnitude? WIII 
this be true 1ƒ the two plates are different s1zes or shapes? 
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11. A conducting sphere carries a charge Ở and a second iden- 
tical conducting sphere 1s neutral. The two are Initially isolated, 
but then they are placed in contact. (2) What can you say 
about the potential of each when they are in contact? (b) WIII 
charge flow from one to the other? If so, how much? 

12. The parallel plates of an isolated capacitor carry OppOSife 
charges, Ó. If the separation of the plates 1s Increased, 1s a 
force required to do so? Is the potential difference changed? 
What happens to the work done ïn the pulling process? 

13. If the electric field E is uniform in a region, what can you 

Iinfer about the electric potential V2 If W 1s uniform In a 

region of space, what can you infer about E? 

1s the electric potential energy of two Isolated unlike charges 

pOositive or negative? What about two like charges? What is the 

significance of the sign of the potential energy In each case? 

TỶ the voltaøe across a fixed capacitor 1s doubled, the amount 

of energy it stores (2) doubles; (b) is halved; (c) is quadrupled; 

(đ) is unaffected; (e) none of these. Explain. 

16. How does the energy stored In a capacitor change when a 
dielectric 1s inserted If (2) the capacitor is isolated so @ 
does not change; (b) the capacitor remains connected to 
a battery so V does not change? Explain. 

17. A dielectric is pulled out from between the plates of a 
capacitor which remains connected to a battery. What 
changes occur to (2) the capacitance, (b) the charge on the 
plates, (c) the potential difference, (đ) the energy stored 
in the capacitor, and (e) the electric field? Explain your 
AnSW€TS. 

18. We have seen that the capacitance Œ depends on the s1ze 
and positlon of the two conducftors, as well as on the 
dielectric constant K. What then did we mean when we 
said that C 1s a constant In Eq. 17-7? 


14 


15 


 MisConceptual Questions 


1. A +0.2 C charge 1s in an electric field. What happens 1ƒ 


that charge 1s replaced by a +0.4 C charge? 

(a) The electric potential doubles, but the electric potential 
energy stays the same. 

(b) The electric potential stays the same, but the electric 
potential energy doubles. 

(c) Both the electric potential and electric potential 
energy double. 

(đ) Both the electric potential and electric potential 
energy s(ay the same. 


- TWo Identical positive charges are placed near each other. 
At the point halfway between the two charges, 

(a) the electric field ¡is zero and the potential is positive. 
(B) the electric field ïs zero and the potential is zero. 

(c) the electric field is not zero and the potential is positIve. 
(đ) the electric field is not zero and the potential is zero. 
(z) None of these statements is true. 


‹ Four identical point charges are arranged at the corners 
of a square [Himr: Draw a figure]. The electric field # and 
potential W at the center of the square are 
(z3)E=0,V=0. 

(0)E=0,V #0. 

(c) #0, V #0. 

(J)E #0, V =0. 

(e) E = V regardless of the value. 


._ Which of the following statements 1s valid? 

(a) If the potential at a particular poïnt ïs zero, the field at 
that point must be Zero. 

(B) If the field at a particular point is zero, the potential at 
that point must be Zero. 

(c) If the field throughout a particular region 1s constant, 
the potential throughout that region must be zero. 

(đ) 1ƒ the potential throughout a particular region is 
constant, the field throughout that region must be zero. 


. IŸ1t takes an amount of work W to move two +g point 
charges from Infinity to a đistance đ apart from each other, 
then how much work should 1t take to move three +đ point 
charges from infinity to a distance đ apart from each other? 
(a) 2M. 
(b) 3M. 
(c) 4W. 
(4) 60W. 


. A proton (Ø = +e) and an electron (@ = —e) are in a 

consfant electric field created by oppositely charged plates. 

"You release the proton from near the positive plate and the 

electron from near the negative plate. Which feels the larger 

electric force? 

(a) The proton. 

(B) The electron. 

(c) Neither—there is no force. 

(đ) The magnitude of the force ¡is the same for both and in 
the same direction. 

(c) The magnitude of the force 1s the same for both but in 
OpposiIte directions. 


7.. When the proton and electron in MisConceptual Question 6 


10. 


11. 


strike the opposite plate, which one has more kinetic energy? 

(a) The proton. 

() The electron. 

(c) Both acquire the same kinetic energy. 

(đ) Neither—there 1s no change in kinetic energy. 

(e) They both acquire the same kinetic energy but with 
ODpOSIfe signs. 


._ Which of the following do not affect capacitance? 


(a) Area of the plates. 

(b) Separation of the plates. 

(c) Material between the plates. 
(đ) Charge on the plates. 

(c) Energy stored in the capacItor. 


. Á battery establishes a voltage V on a parallel-plate capaci- 


tor. After the battery 1s disconnected, the distance between 
the plates is doubled without loss of charge. Accordingly, 
the capacitance and the voltasge between the 
plates , 

(2) Increases; decreases. 

(b) decreases; increases. 

(c) Increases; Increases. 

(đ) decreases; decreases. 

(£) stays the same; stays the same. 


'Which of the following 1s a vector? 
(a) Electric potential. 

() Electric potential energy. 

(c) Electric field. 

(đ) Equipotential lines. 

(e) Capacitance. 


A +U.2 C charge is in an electric field. What happens If 

that charge 1s replaced by a —0.2 C charge? 

(a) The electric potential changes sign, but the electric 
poftential energy stays the same. 

() The electric potential stays the same, but the electric 
poftential energy changes sign. 

(c) Both the electric potential and electric potential 
energy change sign. 

(đ) Both the electric potential and electric potential 
enerøgy stay the same. 
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For assigned homework and other learning materials, go to the MasteringPhysics website. 


j Problems 


17— 


1. 


ho 


10. 


11. 


12. 


13. 
14. 


15. 


1 to 17-4 Electric Potential 


(D How much work does the electric field do in moving a 
—7.7 C charge Írom ground to a point whose potenftial 1s 
+65 V higher? 


. () How much work does the electric field do in moving a 


proton from a poiïnt at a potential of +125 V to a point at 
—45 V? Express your answer both in Jjoules and electron 
VOÏS. 


. () What potential difference is needed to stop an electron 


that has an initial velocity ø = 6.0 < 107 m/s? 


. () How much kinetic energy will an electron gain (in joules 


and eV) ïf ¡it accelerates through a potential difference of 
18,500 V2 


. (D An electron acquires 6.45 x 10”!J of kinetic ener 
q 8y 


when It is accelerated by an electric field from plate A to 
plate B. What is the potential difference between the plafes, 
and which plate 1s at the hipgher potential? 


. () How strong 1s the electric field between two parallel 


plates 6.8mm apart 1ƒ the potential difference between 
them 1s 220 V? 


. () An electric field of 525 V/m ¡is desired between two 


parallel plates 11.0 mm apart. How large a voltage should 
be applied? 


. ( The electric field between two parallel plates connected 


to a 45-V battery ¡is 1900 V/m. How far apart are the 
plates? 


(D What potential difference is needed to give a helium 
nucleus (@ = 2e) 85.0 keV of kinetic energy? 


(H) Two parallel plates, connected to a 45-V power supplÌy, 
are separated by an air gap. How small can the gap be 1f the 
aïr 1s not to become conducting by exceeding 1ts breakdown 
value of £ = 3 x 105 V/m? 


(II) The work done by an external force to move a —6.50 uC 
charge from point A to point B is 15.0 < 10” J. If the charge 
was sfarted from rest and had 4.82 < 10” J of kinetic energy 
when 1t reached point B, what must be the potential dif- 
ference between A and B2 


(II) What 1s the speed of an electron with kinetic energy 
(a) 850 eV, and (5) 0.50 keV? 


(II) What is the speed of a proton whose KE 1s 4.2 keV? 


(H) An alpha particle (which ¡s a helium nucleus, Q = +2, 
m = 6.64 < 107?” kg) is emitted in a radioactive decay with 
KE = 5.53 MeV. What ¡s Its speed? 


(I) An electric field greater than about 3 x 106 V/m causes 
ar to break down (electrons are removed from the atoms 
and then recombine, emitting light). See Section 17-2 and 
Table 17—3. If you shuffle along a carpet and then reach for 
a doorknob, a spark flies across a øap you estimate to be 
1 mm between your finger and the doorknob. Estimate the 
voltage between your finger and the doorknob. Why is no 
harm done? 
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16. 


17. 


(I) An electron starting from rest acquires 4.8 keV of KE 
in moving from poiïnt A to poïnt B. (z) How much KE would 
a proton acquire, starting from rest at B and moving to 
point A? (5) Determine the ratio of their speeds at the end 
of theïr respective traJectOrIes. 

(H) Draw a conductor in the oblong shape of a football. 
Thĩs conductor carries a net negative charge, —Œ. Draw In 
a dozen or so electric field lines and equipotential lines. 


17-5 Potential Due to Poïint Charges 
[Let V = 0 at x = œ.] 


18. 


19. 


20 


21 


22 


° 


23. 


24. 


25 


26. 


21. 


(D What ¡s the electric potential 15.0 em from a 3.00 C 
poInt charge? 

(DA pomt charge Ó creates an electric potential of +165 V 
at a distance of 15 cm. What 1s Q? 


DA +35 C point charge 1s placed 46 cm from an identi- 
cai +35 C charge. How much work would be required to 
move a +0.50 C test charge from a point midway between 
them to a poïnt 12 em closer to either of the charges? 


I) (a) What is the electric potential 2.5 < 101m away 
from a proton (charge +)? (b) What is the electric potential 
enersy of a system that consists of two protons 2.5 < 10”!Ÿm 
apart—as might occur Iinside a typIcal nucleus? 

(II) Three point charges are arranged at the corners of a 
square of side £ as shown in Eig. 17—39. What is the poten- 
tial at the fourth corner (point A)? 


⁄ 
tÓ 20 
( l 
FIGURE 17-39 
Problem 22. Xe l P 


(H) An electron starts from rest 24.5 cm from a fixed point 
charge with @ = —6.50nC. How fast will the electron 
be moving when ïf is very far away? 


(I) Two identical +9.5C point charges are Initially 
5.3 cm from each other. If they are released at the same 
1nstant from rest, how fast will each be moving when they 
are very far away from each other? Assume they have 
1dentical masses of 1.0 mg. 


(II) Two point charges, 3.0 C and —2.0 C, are placed 
4.0 cm apart on the x axis. At what points along the x axIs 
1s (2) the electric field zero and (ð) the potential zero? 


(II) How much work must be done to bring three electrons 
from a great distance apart to 1.0 x 10!°m from one 
another (at the corners of an equilateral triangle)? 

(II) Poïnt a 1s 62 cm north of a —3.8 C point charge, and 
point b is 88 em west of the charge (Fig. 17-40). Determine 
(a) Vỹ — Vạ and (b) Ey — E, (magnitude and direction). 


FIGURE 17-40 b 
Problem 27. 


28. (I1) Many chemical reactions release energy. Suppose that 
at the beginning of a reaction, an electron and proton are 
separated by 0.110 nm, and therr final separation 1s 0.100 nm. 
How much electric potential energy was lost in this reaction 
(in unis of eV)? 

29. (HI) How much voltage must be used to accelerate a proton 
(radius 1.2 < 10” m) so that it has sufficient energy to just 
“touch” a silicon nucleus? A silicon nucleus has a charge of 
+14e, and its radius is about 3.6 < 101m. Assume the 
poftential 1s that for point charges. 
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(IH) Two equal but opposite charges are separated by a 
distance đ, as shown In Fig. 17-41. Determine a formula 
for VBA = Vb — VA for points B and A on the line between 
the charges situated as shown. 


h d "| 
FIGURE17-41 e. p „s ` 
Problem 30. +ự A B =Ñ 


3Í. (HH) In the Bohr model of the hydrogen atom, an electron 
orbits a proton (the nucleus) in a circular orbit of radius 
0.53 x 10”!°m. (z) What is the electric potential at the 
electron”s orbit due to the proton? (5) What Is the kinetic 
energy of the electron? (c) What is the total energy of the 
electron ïn 1ts orbit? (đ) What 1s the /2/zafion energy— 
that is, the energy required to remove the electron from the 
atom and take it to r = oœo, at rest? Express the results of 
parts (b), (c), and (đ) in joules and eV. 


*17-6 Electric Dipoles 


32, () An electron and a proton are 0.53 x 10”!°m apart. 
'What Is their dipole moment 1f they are at rest? 

#33. (II) Calculate the electric potential due to a dipole whose 
dipole moment is 4.2 x 10 ”?C-m at a point 2.4 < 10?”m 
away If this point is (z) along the axis of the dipole nearer the 
positive charge; (b) 45° above the axis but nearer the posifive 
charge; (c) 45° above the axIs but nearer the negative charge. 

#34. (II) The dipole moment, considered as a vector, points from 
the negative to the positive charge. The water molecule, 
Fig. 17-42, has a dipole moment p which can be considered 
as the vector sum of the two dipole moments, jị and Ja, as 
shown. The distance between each H and the O 1s about 
0.96 < 10”!?m. The lines joining the center of the O atom 
with each H atom make an angle of 104”, as shown, and the 
net dipole moment has been mea- 
sured to be p = 6.1 x 103?C-m. 
Determine the charge đ on each 
Hatom. 


104° 


FIGURE 17-42 Problem 34. 
A water molecule, H;O. 


17-7 Capacitance 

35. (I) The two plates of a capacitor hold +2500C and 
—2500 C of charge, respectively, when the potential dif- 
ference 1s 960 V. What 1s the capacitance? 

36. (I) An 8500-pF capacitor holds plus and minus charges of 
16.5 x 10#C. What is the voltage across the capacitor2 


37. ( How much charge flows from each terminal of a 12.0-V 
battery when It is connected to a 5.00-EF capacItor? 

38. (DA 0.20-F capacitor is desired. What area must the plates 
have If they are to be separated by a 3.2-mm alr gap? 

39. (11) The charge on a capacitor increases by 15 C when the 
voltaøe across 1t Increases from 97 V to 121 V. What is the 
capacitance of the capacItor? 

40. (1L) An electric field of 8.50 < 10 V/m is desired between 
two parallel plates, each of area 45.0 em2 and separated by 
2.45 mm of air. What charge must be on each plate? 

4í. (11) Ifa capacitor has opposite 4.2 C charges on the plates, 
and an electric field of 2.0 kV/mm is desired between the 
plates, what must each plate”s area be? 

42. (11) It takes 18 J of energy to move a 0.30-mC charge from 
one plate of a 15-F capacitor to the other. How much 
charge 1s on each plate? 

43. (II) To get an idea how bịg a farad is, suppose you want to 
make a I-F air-filled parallel-plate capacitor for a circuIt 
you are building. To make 1t a reasonable size, suppose you 
limit the plate area to 1.0 cm”. What would the gap have to 
be between the plates? Is this practically achievable? 

44. (1I) How strong ¡s the electric field between the plates of a 
0.60-F air-gap capacitor 1Ý they are 2.0 mm apart and each 
has a charge of 62 uC? 

45. (HI) A 2.50-F capacitor is charged to 746 V and a 6.80-F 
capacitor 1s charged to 562 V. These capacitors are then dis- 
connected from therr batteries. Next the positive plates are 
connected to each other and the negative plates are connected 
to each other. What will be the potential difference across 
each and the charge on each? [Hin: Charge is conserved.] 

46. (HI) A 7.7-wE capacitor is charged by a 165-V battery 
(Eig. 17-43a) and then is disconnected from the battery. 
When this capacitor (C¡) is then connected (Fig. 17-43b) to 


a second (initially uncharged) 
capacitor, Ca, the ñnal voltage 
on each capacitor 1s 1Š V. jM jM 
What 1s the value of Œ;? 

FIGURE 17-43 ý C2 
Problems 46 and 58. (a) (œ) 


[Himr: Charge 1s conserved.] 


17-8 Dielectrics 


47. (1) What 1s the capacitance of two square parallel plates 
6.6 cm on a side that are separated by 1.8 mm of paraffin? 

48. (1U What is the capacitance of a palr of circular plates with 
a radius of 5.0 em separated by 2.8 mm of mica? 

49. (II An uncharged capacitor is connected to a 21.0-V battery 
until it is fully charged, after which 1t is đisconnected from 
the battery. A slab of paraffin is then Inserted between the 
plates. What will now be the voltage between the plates? 

50. (II A 3500-pE air-gap capacitor is connected to a 32-V 
battery. I a piece of mica 1s placed between the plates, 
how much charge wIll flow from the battery? 

5í. (II) The electric field between the plates of a paper-separated 
(K = 3.75) capacitor is 8.24 x 10V/m. The plates are 
1.95 mm apart, and the charge on each 1s 0.675 C. Determine 
the capacitance of this capacitor and the area of each plate. 
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59. 
60. 


61. 


-9 Electric Energy Storage 


() 650V ¡s applied to a 2800-pF capacitor. How much 
enerøy 1s stored? 


() A cardiac defibrillator is used to shock a heart that is 
beating erratically. A capacitor In this device 1s charged to 
5.0 kV and stores 1200 J of energy. What 1s 1ts capacItance? 


(II) How much energy 1s stored by the electric field 
between two square plates, 8.0 cm on a side, separated by a 
1.5-mm aIr gap? The charges on the plates are equal and 
Opposife and of magnitude 370 C. 


(H) A homemade capacitor is assembled by placing two 9-in. 
ple pans 4 cm apart and connecting them to the OppOSIte fer- 
minals of a 9-V battery. Estimate (4) the capacitance, (b) the 
charge on each plate, (c) the electric field halfway between the 
plates, and (2) the work done by the battery to charge them. 
() Which of the above values change 1f a dielectric 1s Inserted? 


(H)A parallel-plate capacitor has fixed charges + and —Ơ. 
The separation of the plates is then halved. (z) By what 
factor does the energy stored In the electric field change? 
(5) How much work must be done to reduce the plate sepa- 
ration from đ to ÿđ? The area of each plate is A. 


(H) There ¡s an electric field near the Earth”s surface whose 
magnitude ¡is about 150 V/m. How much energy is stored 
per cubic meter In this field? 


qM) A 3.70-E capacitor is charged by a 12.0-V battery. It 
1s đisconnected from the battery and then connected to an 
uncharged 5.00-E capacitor (Fig. 17-43). Determine the total 
stored enerøsy (z) before the two capacitors are connected, and 
(b) after they are connected. (c) What is the change in energy? 


10 Digital 
(D Write the decimal number 116 in binary. 


(D Write the binary number 01010101 as a decimal 
number. 


(Ð Write the binary number 1010101010101010 as a decimal 
number. 


General Problems 


62. (H) Consider a rather coarse 4-bit analog-to-dipital 


63. 


64 


conversion where the maximum voltage is 5.0 V. (2) What 
voltase does 1011 represent? (b) What ¡is the 4-bit repre- 
sentation for 2.0 V? 

(II) (2) 16-bit sampling provides how many different pos- 
sible voltages? (b) 24-bit sampling provides how many 
different possible voltages? (c) For color TV, 3 subpixels, 
cach 8 bits, provides a total of how many different colors? 
(TA few extraterrestrials arrived. They had two hands, but 
claimed that 3 + 2 = 11. How many fingers did they have 
on their two hands? Note that our decimal system (and ten 
characters: 0, 1, 2, --:, 9) surely has ifs origin because we 
have ten fingers. [H/mứ: 11 ïs in their system. In our decimal 
system, the result would be written as 5.] 


*17-11 TV and Computer Monitors 
*65. (II) Figure 17-44 ¡is a photopraph of a computer screen 


*66 


*67 


shot by a camera set at an exposure time of {s. During 
the exposure the cursor arrow was moved around by the 
mouse, and we see it 15 times. (z2) Explain why we see the 
cursor 15 times. 
(b) What ¡s the 
refresh rate of 
the screen? 


FIGURE 17-44 
Problem 65. 


(II) In a given CRT; electrons are accelerated horizon- 
tally by 9.0 kV. They then pass throuph a uniform electric 
field E£ for a distance of 2.8 cm, which deflects them upward 
so they travel 22 cm to the top of the screen, 11 cm above 
the center. Estimate the value of È. 

(HD) Electrons are accelerated by 6.0 kV in a CRT: The screen 
1s 30 cm wide and 1s 34 cm from the 2.6-cm-long deflection 
plates. Over what range must the horizontally deflecting 
electric field vary to sweep the beam fully across the screen? 


68 
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70. 


71. 


5 


49 


ù 


. A hghtning flash transfers 4.0 CC of charge and 5.2 MJ of 


enersgy to the Earth. (z) Across what potential difference did 
1t travel? (b) How much water could this boil and vapor1ze, 
starting from room temperature? (See also Chapter 14.) 
In an older television tube, electrons are accelerated by 
thousands of volts through a vacuum. TỶ a television set were 
laid on 1ts back, would electrons be able to move upward 
against the force of gravity? What potential difference, 
acting over a distance of 2.4 cm, would be needed to balance 
the downward force of gravity so that an electron would 
remain sfationary? Assume that the electric field is uniform. 
How does the energy stored In a capacitor change, as the 
Capacifor remains connected to a battery, 1Ÿ the separation 
of the plates 1s doubled? 

How does the energy stored in an isolated capacitor change 
1Ÿ (4) the potential difference 1s doubled, or (5) the separa- 
tion of the plates is doubled? 

A huge 4.0-E capacitor has enouph stored energy to heat 
2.8 kg of water from 21°C to 95°C. What is the potential 
difference across the plates? 
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73. A proton (g = +e) and an alpha particle (g = +2e) are 


74. 


75. 


76 


accelerated by the same voltage V. Which gains the greater 
kinetic energy, and by what factor? 


Dry air will break down I the electric field exceeds 
3.0 x 10 V/m. What amount of charge can be placed on a 
parallel-plate capacitor if the area of each plate is 65 cm”? 


Three charges are at the corners of an equilateral triangle 
(side f) as shown ïn Fig. 17-45. 

Determine the potential at the M 

midpoint of each of the sides. Let 
ƒ =0atr =cœ. 


FIGURE 17-45 
Problem 75. -30 

lt takes 15.2 J of energy to move a 13.0-mC charge Írom 
one plate of a 17.0-E capacitor to the other. How much 
charge ¡1s on each plate? Assume constant voltage. 


77. A 3.4 uC and a —2.6 C charge are placed 2.5 cm apart. At 


78. 


79. 


80 


81. 


82. 


83 


what points along the line joining them ¡s (2) the electric 
field zero, and (5) the electric potential zero? 


Near the surface of the Earth there 1s an electric field of 
about 150 V/m which points downward. Two identical balls 
with mass # = 0.670 kg are dropped from a heipht of2.00 m, 
but one of the balls 1s positively charged with g¡ = 650 ,C, 
and the second 1s negatively charged with ø; = —650 C. 
se conservation of energy to determine the difference In 
the speed of the two balls when they hit the ground. (Neglect 
aIr resistance.) 


The power supply for a pulsed nitrogen laser has a 
0.050-E capacitor with a maximum voltage rating of 
35 kV. (a) Estimate how much energy could be stored In 
this capacitor. (5) If 12% of this stored electrical energy 1s 
converted to light energy In a pulse that 1s 6.2 microseconds 
long, what 1s the power of the laser pulse? 


In a photocell, ultraviolet (UV) Iipht provides enough 
energy to some electrons In barium metal to eject them 
from the surface at hiph speed. To measure the maximum 
energy of the electrons, another plate above the barium 
surface 1s kept at a negative enough potential that the emitted 
electrons are slowed down and stopped, and return to the 
barium surface. See Hg. 17-46. If the plate voltage is —3.02 V 
(compared to the barium) when the fastest electrons are 
stopped, what was the speed of these electrons when they 
were emitted? 


Plate 
UV, — m V=-3.02 V 
light ẠỒM 
FIGURE 17-46 + ƒSỹ9 
Barium 


Problem 80. 


A +38 C point charge 1s placed 36 cm from an identical 
+38 uC charge. A —1.5 C charge 1s moved from point A 
to point B as shown In Fig. 17-47. What 1s the change In 
potential energy? 

B 


14cm 


12cm 24cm 


FIGURE 17-47 


38 uCe@ 
Problem 61. 


®38 uC 


Paper has a dielectric constant K = 3.7 and a dielectric 
strength of 15 < 106 V/m. Suppose that a typical sheet of 
paper has a thickness of 0.11 mm. You make a “homemade” 
capacitor by placing a sheet of 21 < 14cm paper between 
two aluminum foil sheets (Fig. 17-48) of the same size. 
(z) What ¡is the capacitance C of your device? (b) About 
how much charge could you store on your capacitor before 
1t would break down? 
Aluminum 
Paper 
FIGURE 17-48 


Problem 82. Aluminum 


A capacitor is made from two 1.1-cm-diameter coins sepa- 
rated by a 0.10-mm-thick pIece of paper (K = 3.7). A 12-V 
battery 1s connected to the capacitor. How much charge 1s 
on each coin? 
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A +3.5 C charge 1s 23 cm to the rIght of a —7.2 C charge. 
At the midpoint between the two charges, (z) determine the 
potential and () the electric field. 

A parallel-plate capacitor with plate area 3.0 em” and air- 
øap separation 0.50 mm 1s connected to a 12-V battery, and 
fully charged. The battery ¡s then disconnected. (2) What is 
the charge on the capacitor? (b) The plates are now pulled 
to a separatlon of 0.75mm. What 1s the charge on the 
capacitor now? (c) What ¡s the potential diference between 
the plates now? (2) How much work was required to pull 
the plates to their new separation? 

A 2.1-wE capacitor 1s fully charged by a 6.0-V battery. The 
battery 1s then disconnected. The capacitor 1s not ideal and 
the charge slowly leaks out from the plates. The next day, 
the capacitor has lost half is stored energy. Calculate the 
amount of charge lost. 

Two poiïnt charges are fixed 4.0 em apart from each other. 
Therr charges are Ó = ;¿ = 6.5 uC, and their masses are 
mm = 1.5mg and 7y = 2.5 mg. (2) TỶ Óy is released from 
res(, what will be Its speed after a very long time? (b) If 
both charges are released from rest at the same time, what 
wIll be the speed of Ớ) after a very long time? 

Two charges are placed as shown In Fig. 17-49 with 
ai = 122C and đ› = —3.3/uC. Find the potential differ- 
ence between poinfs A and B. 


h ®A 
0.10m 
FIGURE 17-49 l q2 «B 
Problem 88. =—0.10 m——| 


Tf the electrons In a single raindrop, 3.5 mm in diameter, could 
be removed from the Earth (without removing the atomic 
nuclei), by how much would the potential of the Earth 
Increase? 

Thunderclouds may develop a voltage difference of about 
5 x 10V. Given that an electric field of 3 < 105 V/m is 
required to produce an electrical spark within a volume of 
air, estimate the length of a thundercloud lightning bolt. 
[Can you see why, when lipghtning strikes from a cloud to the 
ground, the bolt has to propagate as a sequence of steps?] 
A manufacturer claims that a carpet will not generate more 
than 6.0 kV of static electricity. What magnitude of charge 
would have to be transferred between a carpet and a shoe 
for there to be a 6.0-kV potential difference between the 
shoe and the carpet? Approximate the area of the shoe and 
assume the shoe and carpet are large sheets of charge 
separated by a small distance đ = 1.0 mm. 

Compact “ultracapacitors” with capacitance values up to 
several thousand farads are now commercially available. 
One application for ultracapacifors 1s in providing power for 
electrical circuits when other sources (such as a battery) are 
turned off. To get an Idea of how much charge can be stored 
in such a component, assume a 1200-E ultracapacItor 1s 
1nmitially charged to 12.0 V by a battery and 1s then discon- 
nected from the battery. If charge 1s then drawn off the plates 
of this capacitor at a rate of 1.0 mC/s, say, to power the 
backup memory of some electrical device, how long (n days) 
wIll it take for the potential difference across this capacItor 
to drop to 6.0 V2 
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General Problems 


93. An electron 1s accelerated hor1zonftally from rest by a poten- 


94. 


tial difference of 2200YV. It then passes between two 
horizontal plates 6.5 cm long and 1.3 cm apart that have a 
potential difference of 250 V (Fig. 17—50). At what angle 0 
wIll the electron be traveling after 1t passes between the 
plates? 


.⁄w 
1L „<46 


+ + + + + + 


FIGURE 17-50 
Problem 93. 


In the dynamic random access memory (DRAM) of a 
computer, each memory cell contains a capacitor for 
charge storage. Each of these cells represents a single binary- 
bit value of “1” when its 35-fF capacitor (1 fF = 10 1E) is 
charged at 1.5 V, or “0” when uncharged at 0 V. (z) When 
fully charged, how many excess electrons are on a cell 
capacitor”s negative plate? (b) After charge has been placed 
on a cell capacitor”s plate, 1t slowly “leaks” off at a rate of 
about 0.30fC/s. How long does ¡it take for the potential 
difference across this capacitor to decrease by 2.0% from 
1ts fully charged value? (Because of this leakage effect, the 
charge on a DRAM capacitor 1s “refreshed” many times 
per second.) Note: A DRAM cell ïs shown ¡in Fig. 21—29. 
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- In the DRAM computer chip of Problem 94, suppose the 
two parallel plates of one cells 35-fF capacitor are 
separated by a 2.0-nm-thick Insulating material with dielectric 
constant K = 25. (a) Determine the area 4 (in m”) of 
the cell capacitor”s plates. (b) If the plate area 4 accounts 
for half of the area of each cell, estimate how many mega- 
bytes of memory can be placed on a 3.0-em” silicon 
wafer. (1 byte = 8 bits.) 

A parallel-plate capacitor with plate area 4 = 2.0m” and 
plate separation đ = 3.0 mm 1s connected to a 35-V battery 
(Eig. 17—51a). (a) Determine the charge on the capacitor, the 
electric field, the capacitance, and the energy stored In 
the capacitor. (b) With the capacitor still connected to the 
battery, a slab of plastic with dielectric strength K = 3.2 
1s placed between the plates of the capacitor, so that the øap 1s 
completely filled with the dielectric (Fig. 17—51b). What are 
the new values of charge, 


= 2 
electric field, capacitance, A=20m 
and the energy storedin 35V đ= i00 
the capacitor? () 

Problem 96. (b) 


j Search and Learn 


1. 


Make a list of rules for and properties oŸ equipotential sur- 
faces or lines. You should be able to find eight distinct rules 
1n the text. 


. Figure 17-8 shows confour lines (elevations). Just for fun, 


assume they are equipotential lines on a flat 2-dimensional 
surface with the values shown being In volts. Estimate the 
magmnitude and direction of the “electric field” (z) between 
lceberg Lake and Cecile Lake and (Đ) at the Minaret Mine. 
Assume that up 1s +y, ripht 1s +x, and that Cecile Lake 1s 
about 1.0 km wide In the middle. 

In liphtning storms, the potential difference between the 
Earth and the bottom of thunderclouds may be 35,000,000 V. 
The bottoms of the thunderclouds are typIcally 1500 m above 
the Earth, and can have an area of 110 km“. Modeling the 
Earth-cloud system as a huge capacitor, calculate (2) the 
capacitance of the Earth-cloud system, () the charge stored 
in the “capacitor,” and (c) the energy stored in the “capacitor.” 


-_ The potential energy s(ored in a capacitor (Section 17—9) can 


be written as either CVˆ2/2 or Q”/2C. In the first case the 
energy 1s proportional to C; in the second case the energy 1s 
proportional to 1/Œ. (z) Explain how both of these equations 
can be correct. (b) When mipht you use the first equation 
and when might you use the second equation? (c) IÝa paper 
dielectric 1s inserted Iinto a parallel-plate capacitor that 1s 
attached to a battery (V does not change), by what factor 
will the energy stored In the capacitor change? (đ) If a 
quartz dielectric 1s Inserted into a charged parallel-plate 
capacItor that 1s isolated from any battery, by what factor will 
the energy stored In the capacitor change? 


ANSWERS TO EXERCISES 


A: (a) —8.0 x 101]; (b) 9.8 < 102 m/s. 
B: (c). 

C: 0.721. 

D: (c). 
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5. Suppose 1t takes 75 kW of power for your car to travel at a 


constant speed on the hipghway. (2) What is this in horse- 
power? (5) How much energy ïn joules would ït take for 
your car to travel at highway speed for 5.0 hours? (c) Suppose 
this amount of energy 1s to be stored in the electric field of a 
parallel-plate capacitor (Section 17—9). If the voltase on the 
capacItor 1s to be 850 V, what 1s the required capacitance? 
(đ) T this capacitor were to be made from activated carbon 
(Section 17-7), the voltage would be limited to no more 
than 10 V. In this case, how many grams OÝ activated carbon 
would be required? (e) Is this practical? 


Capacitors can be used as “electric charge counfters.” Con- 
sider an Initially uncharged capacitor of capacitance Œ with 
1ts bottom plate ørounded and 1ts top plate connected to a 
source of electrons. (z) If /) electrons flow onto the capacitor”s 
top plate, show that the resulting potential difference W across 
the capacitor 1s directly proportional to W. (5) Assume the 
voltapee-measuring device can accurately resolve voltape 
changes of about 1 mV. What value of C would be necessary 
to resolve the arrival of an individual electron? (c) Using 
modern semiconductor technology, a micron-size capacItor 
can be constructed with parallel conducting plates separated 
by an Insulator of dielectric constant K = 3 and thickness 
đ = 100nm. What side length £ should the square plates 
have (in um)? 


E: A. 
E; (z) 3 times preater; (b) 3 times øreater. 
G: 12mE. 


Electric Currents 


CHAPTER-OPENING QUESTION——Guess now! 

The conductors shown are all made of copper and are at the same temperatfure. 
'Which conductor would have the øgreatest resistance to the flow of charge entering 
{rom the left? Which would offer the least resistance? 


Current Current 
—>Ö—— 
(a) (b) 
Current Current 
(c) (d) 


n the previous two Chapters we have been studying static electricity: electric 
| charges at rest. In this Chapter we begin our study of charges in motion, and 
we call a flow of charge an electric current. 

In everyday life we are familiar with electric currenfs in wires and other 
conductors. Most practical electrical devices depend on electric currenf: currenf 
throuph a lightbulb, current in the heating element of a stove, hair dryer, or elec- 
tric heater, as welÏ as currenfs in electronic devices. Electric currenfs can exisf 1n 
conductors such as wires, but also in semiconductor devices, human cells and 
their membranes (Section 18—10), and in empty space. 


The glow of the thin wire filament of 
incandescent lightbulbs is caused by 
the electric current passing through 1t. 
Electric energy 1s transformed to 
thermal energy (via collisions 
between moving electrons and atoms 
of the wire), which causes the wire”s 
temperature to become so hiph that 
1t glows. In halogen lamps 
(tungsten-halogen), shown on the 
ripht, the tungsten filament 1s 
surrounded by a halogen gas such as 
bromine or Iodine In a clear tube. 
Halogens, via chemical reactions, 
res(ore many of the tungsten atoms 
that were evaporated from the 

hot ñilament, allowing longer life, 
higher temperature (typically 2900 K 
versus 2700 K), better efficiency, and 
whiter lipht. 

Electric current and electric power 
1n electric circuIts are of basic 
1mportance In everyday life. We 
examine both dc and ac in this 
Chapter, and include the microscopIc 
analysis of electric current. 
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FIGURE 18-1 Alessandro Volta. 
In this portrait, Volta demonstrates 
his battery to Ñapoleon In 1801. 


FIGURE 18-2 A voltaic battery, 
from Volta's original publication. 


In electrostafic situations, we saw 1n Section 16—9 that the electric field must 
be zero Iinside a conductor (ïf it werent, the charges would move). But when 
charges are oing along a conductor, an electric field 1s needed to set charges 
into motion, and to keep them In motion against even low resistance In any 
normal conductor. We can control the flow of charge using electric fields and 
electric potential (voltage), concepts we have Just been discussing. In order to 
have a current in a wre, a potential difference 1s needed, which can be provided 
by a battery. 

We first look at electric current [from a macroscopIc point of view. Later In 
the Chapter we look at currents from a microscopic (theoretical) poinf of view as 
a flow of electrons In a WIre. 


18-1 The Electric Battery 


Ungil the year 1800, the technical development of electricity consisted mainly of 
producIng a static charge by friction. It all changed in 1800 when Alessandro 
Volta (1745-1827; Fig. 1§—1) invented the electric battery, and with 1t produced 
the first steady flow of electric charge——that is, a steady electric current. 

The events that led to the discovery of the battery are Interesting. Not only 
was this an Iimportant discovery, but It also gave rise fo a famous scientific 
debate. 

In the 1780s, Luigi Galvami (1737—1798), professor at the University of Bologna, 
carried out a series Of experiments on the contraction of a frog”s leø muscle by using 
static electricity. Galvani found that the muscle also contracted when dissimilar 
metals were Inserted Into the frog. Galvani believed that the source of the electric 
charge was In the frog muscle or nerve 1fself, and that the metal merely transmitted 
the charge to the proper points. When he published his work In 1791, he termed 
this charge “animal electricity.” Many wondered, including Galvani himself, 1f he 
had discovered the long-sought “life-force.” 

Volta, at the University of Pavia 200 km away, was skeptical of Galvani's 
results, and came to believe that the source of the electricity was not In the animal 
1tself, but rather 1n the cowact befueen the dissimilar metals. Volta realized that 
a moist conductor, such as a frog muscle or moisture at the confact point Of two 
dissimilar metals, was necessary 1n the circuit 11t was to be effective. He also saw 
that the contracting frog muscle was a sensifive Instrument for detecting electric 
“tension” or “electromotfive force” (his words for what we now call voltage), In 
fact more sensitive than the best available electroscopes that he and others had 
developed.Ï 

Volta”s research found that certain combinations of metals produced a greater 
effect than others, and, using his measurements, he listed them 1n order of effec- 
tiveness. (This “electrochemical series” ¡s still used by chemisfs today.) He also 
found that carbon could be used in place ofone of the metals. 

Volta then conceived his greatest contribution to sclence. Between a disc of 
zinc and one of silver, he placed a piece of cloth or paper soaked mn salt solution 
or dilute acid and piled a “battery” of such couplings, one on top of another, as 
shown In Hg. 18—2. 'This “pile” or “battery” produced a much increased potential 
diference. Indeed, when strips of metal connected to the two ends of the pile 
were brought close, a spark was produced. Volta had designed and built the first 
electric battery. He published his discovery in 1800. 


?Volta's most sensitive electroscope (Section 16-4) measured about 40 V per degree (angle of leaf 
separation). Nonetheless, he was able to estimate the potential differences produced by combina- 
tions of dissimilar metals in contact. For a silver-zinc contact he got about 0.7 V, remarkably close to 
today”s value of 0.78 V. 
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Electric Cells and Batteries 


A battery produces electricity by transforming chemical energy Into electrical 
energy. Today a great varlety of electric cells and batterles are available, from 
flashlight batteries to the storage battery of a car. The simplest batteries contain 
two plates or rods made of dissimilar metfals (one can be carbon) called elecfrodes. 
The electrodes are Iimmersed 1n a solution or paste, such as a dilute acid, called 
the elecfrolyfe. Such a device 1s properly called an electric cell, and several cells 
connected together 1s a baffery, although today even a single cell is called a 
battery. The chemical reactions Involved in most electric cells are quite complicated. 
Here we describe how one very simple cell works, emphasizing the physical aspects. 

The cell shown In Eig. 18—3 uses dilute sulfuric acid as the electrolyte. One of 
the electrodes 1s made of carbon, the other of zinc. The part of each electrode 
outside the solution 1s called the terminal, and connections to wires and circuIts 
are made here. The acid tends to dissolve the zIinc electrode. Each zinc atom leaves 
two electrons behind on the electrode and enters the solution as a posifive 1on. The 
zinc electrode thus acquires a negative charge. The electrolyte becomes posifively 
charged, and can pull electrons off the carbon electrode. Thus the carbon electrode 
becomes posifively charged. Because there 1s an opposite charge on the two elec- 
trodes, there 1s a potential difference between the two terminals. 

In a cell whose terminals are not connected, only a small amount of the zinc 
1S dissolved, for as the zinc electrode becomes 1ncreasingly negative, any new 
pOSIfive zinc Ions produced are attracted back to the electrode. Thus, a particular 
potential difference (or voltape) is maintained between the two terminals. If charge 
1s allowed to flow between the terminals, say, through a wire (or a lipghtbulb), 
then mơre zinc can be dissolved. After a time, one or the other electrode 1s used up 
and the cell becomes “dead.” 

The voltage that exists between the terminals of a battery depends on what the 
electrodes are made of and therr relative ability to be dissolved or g1ve up electrons. 

'When two or more cells are connected so that the positive terminal of one 1s 
connected to the negative terminal of the next, they are said to be connected 
1n series and their voltages add up. Thus, the voltage between the ends of two 
1.5-V AA flashlight batteries connected 1n series 1s 3.0 V, whereas the six 2-V cells 
of an automobile storage battery give 12V. Figure 18-4a shows a diapram oŸ a 
common “dry celI” or “flashlight battery” used not only In flashlights but in many 
portable electronic devices, and Eig. 18—4b shows two smaller ones connected in 
serles to a flashlight bulb. An mcandescent lightbulb consists of a thin, coiled 
wrre (filamentf) inside an evacuated glass bulb, as shown in Fig. 18—5 and in the 
Chapter-Opening Photos, page 501. When charge passes throuph the filament, 1t gets 
very hot (2800 K) and glows. Other bulb types, such as fuorescent, work differently. 


FIGURE 18-4 (a) Diagram of an ordinary dry cell (Iike a D-cell 


+ -_ 

Terminal Terminal 
Carbon Zine 
electrode k> electrode 
(Œœ) (— 


Sulfurie acid 


FIGURE 18-3 Simple electric cell. 


or AA). The cylindrical zinc cup is covered on the sides; its flat FIGURE 18-B_ An ordinary incandescent 
bottom is the negative terminal. (b) Two dry cells (AA type) lightbulb: the fine wire of the filament becomes 
connected In series. Note that the positive terminal of one cell so hot that it glows. Incandescent halogen 


pushes against the negative terminal of the other. 


bulbs enclose the filament in a small quartz 


+ Terminal tube filled with a halogen gas (bromine or 


(top of carbon 
electrode) 


Insulation 


Electrolyte Filament 
paste 

(inside) 
Connecting 
Wires 

-Terminal Negative electrode 

(zinc cup) External 
connecfions 
(a) One D-cell (b) Two AA batteries 
SECTION 18-1 


1odine) which allows longer filament life and 
hipher filament temperature for øreater 
efficiency and whiteness. 


Insulator 


The ElectricBattery B03 


đÒpHvysics APPLIED 
Electric cars 


Device 


| Electric (bulb) 
current 
Electric 
current 
(b) A B 


FIGURE 18-6 (a) A simple electric 
circuit. (b) Schematic drawing of the 
Same circuit, consisting of a battery, 
connecting wires (thick gray line), 
and a lightbulb or other device. 


+ 


$*CAUTION 
A baftery does not create charge; 
a lghtbulb does not destroy charge 
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Electric Cars 


Considerable research 1s being done to improve batteries for electric cars and for 
hybrids (which use both a gasoline Internal combustion engine and an electric 
motor). One type of battery is lithrium-ion, in which the anode confains lithium 
and the cathode 1s carbon. Electric cars need no gear changes and can develop 
full torque starting from rest, and so can accelerate quickly and smoothly. The 
distance an electric car can go between charges of the battery (i(s “range”) is an 
1mportant parameter because each recharging of an electric car battery may take 
hours, not minutes like a gas fill-up. Because charging an electric car can draw 
a large current over a period of several hours, electric power companies 
may need to upgrade their power grids so they won't fail when many electric cars 
are being charged at the same time In a small urban area. 


18-2 Electric Current 


The purpose of a batfery 1s to produce a potential difference, which can then 
make charges move. When a continuous conducting path 1s connected between 
the terminals of a battery, we have an electric circuit, Fig. 18—6a. On any diapram 
Of a circuit, as 1n Fig. 18—6b, we use the symbol 


Dị B Or 1 [battery symbol] 


to represent a battery. The device connected to the battery could be a lightbulb, 
a heater, a radio, or some other device. When such a circuit 1s formed, charge can 
move (or flow) through the wires oÝ the circuit, from one terminal of the battery 
to the other, as long as the conducting path 1s continuous. Any flow of charge 
such as this 1s called an elecfric current. 

More precisely, the electric current In a wIre 1s delned as the net amount of 
charge that passes through the wire”s full cross section at any poInt per unit time. 
Thus, the current 7 ¡s defined as 
AO 
At, 
where AÓ 1s the amount of charge that passes through the conductor at any loca- 
tion during the time Interval Aí. 

Electric current 1s measured in coulombs per second; this 1s øgiven a special 
name, the ampere (abbreviated amp or A), after the French physicist André Ampère 
(1775-1836). Thus, 1A = 1 C/s. Smaller units of current are often used, such as 
the milliampere (1 mA = 103A) and microampere (1A = 10 °A). 

A current can flow In a circuit only 1f there 1s a cowfinuous conducting path. 
We then have a complete circuit. If there 1s a break in the cIrcuif, say, a cut wIre, 
we calÏ it an open circuif and no current flows. In any single circuit, with only a sinple 
path for current to follow such as in Fig. 18—6b, a steady current at any Instant 1s the 
same at one point (say, point A) as at any other point (such as B). This follows 
from the conservaftion of electric charge: charge doesn”t disappear. A battery does 
not create (or destroy) any net charge, nor does a lightbulb absorb or destroy charge. 


I= (18-1) 


EXAMPLE 18-1 | Current is flow of charge. A steady current of 2.5 A exisfs 
in a wire for 4.0 min. (2) How much total charge passes by a given point in the 
circuit during those 4.0 min? (b) How many electrons would this be? 


APPROACH (z) Current is flow of charge per umit time, Eq. 18—1, so the amount of 
charge passing a poïnt is the product of the current and the time 1nterval. (b) To get 
the number of electrons, we divide the total charge by the charge on one electron. 


SOLUTION (a) Since the current was 2.5 A, or 2.5 C/s, then in 4.0 min (= 240 s) 
the total charge that flowed past a given point In the wire was, from Eq. 18-1, 


AO = TA¡ = (25C/s)(240s) = 600C. 
(b) The charge on one electron is 1.60 < 10ˆ!?C, so 600 C would consist of 
600 C 
1.6 x 10”! C/electron 


= 3.8 x 10! electrons. 


| EXERCISEA If 1 million electrons per second pass a point in a wire, what ¡is the current? 


CONCEPTUAL EXAMPLE_ 18-2 
with each of the schemes shown 1n Fig. 18—7 for liphting a flashlight bulb with a 


flashlight battery and a single wire? 


How to connect a battery. What is wrong 


RESPONSE (2) There 1s no closed path for charge to flow around. Charges 
might briefly start to fow from the battery toward the lightbulb, but there they 
run into a “dead end,” and the flow would immediately come fo a sfOp. 


(b) Now there ¡s a closed path passing to and from the lightbulb; but the wire 
touches only one battery terminal, so there 1s no potential difference In the cir- 
cuit to make the charge move. Neither here, nor in (2), does the bulb light up. 
(c) Nothing is wrong here. This is a complete circuit: charge can flow out from 
one terminal of the battery, throuph the wire and the bulb, and Into the other 
terminal. This scheme wIll hght the bulb. 


In many real circuits, wires are connected to a common conductor that pro- 
vides conftinuity. This common conductfor 1s called ground, usually represented as 
=- or vu: and really 1s connected to the ground for a building or house. In a car, 
one terminal of the battery 1s called “ground,” but is not connected to the earth 
1{self——Tf 1s connected to the frame of the car, as 1s one connection to each liphtbulb 
and other devices. Thus the car frame is a conductor 1n each circuif, ensuring a 
continuous path for charge flow, and 1s called “ground” for the car's circuIts. 
(Note that the car frame is well insulated from the earth by the rubber tires.) 

We saw in Chapter 16 that conducftors contain many free electrons. Thus, 1Ý a 
confinuous conducting wrre 1s connected to the terminals of a battery, negatively 
charged electrons flow in the wIire. When the wrre 1s first connected, the potential 
difference between the terminals of the battery sets up an electric field inside the 
wre and parallel to 1t. Free electrons at one end of the wire are aftracted Imnto 
the positive terminal, and at the same time other electrons enter the other end of the 
wIre at the negative terminal of the battery. There 1s a continuous flow of electrons 
throughout the wire that begins as soon as the wire 1s connected to bø/h terminals. 

When the conventions of positive and negative charge were Invented two 
cenfuries ago, however, 1t was assumed that positive charge flowed In a wrre. 
For nearly all purposes, positive charge flowing In one đirection 1s exactly 
equivalent to negative charge flowing In the opposite direction, as shown 1n 
Fig. 18—8. Today, we still use the historical convention of positive charge flow when 
discussing the direction of a current. So when we speak of the current direction 
1n a circuit, we mean the direction posifIve charge would flow. This 1s sometimes 
referred to as convyenfional current. When we want to speak of the direction of 
electron flow, we will specifically state 1t is the electron current. In liquids and 
gases, both positive and negative charges (Ions) can move. 

In practical hfe, such as rating the total charge of a car batfery, you may see 
the unit ampere-hour (A -h): from Eq. 18—1, AQO = 7 Ai. 


| EXERCISE B_ How many coulombs ¡s 1.00 A -h? 


1I8—3 Ohms Law: Resistance and Resistors 


To produce an electric current in a circuit, a difference 1n potential 1s required. 
One way of producing a potential difference along a wire 1s to connectf 1ts ends to 
the opposite terminals of a battery. It was Georg Simon Ohm (1787-1854) who 
established experimentally that the current in a metal wire 1s proportional to the 
potential difference W applied to 1ts two ends: 


TœV. 


TỶ, for example, we connect a wire to the two terminals of a 6-V battery, the cur- 
rent in the wire will be twice what it would be 1f the wire were connected to a 3-V 
baftery. It 1s also found that reversing the sign of the voltage does not affect the 
magnitude of the current. 


và 


(b) 


(c) 
FIGURE 18-7 Example 18-2. 
FIGURE 18-8 Conventional current 


from + to — 1s equivalent to a 
negative electron flow from — to +. 


Convenfional Electron 
current flow 


Device 


Conventional current 
——— 
——- + 
Electron current 


$*CAUTION 
Distinguish conuentional current 
rom electron ƒÏo 
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OHM'S “LAW” 
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FIGURE 18-9 Graphs of current vs. 
voltage (a) for a metal conductor 
which obeys Ohm”s law, and (b) for 
a nonohmic device, 1n this case a 
semiconductor diode. 


FIGURE 18-10 Flashlight 
(Example 18-3). Note how the circuit 
1s completed along the side strip. 


Exactly how large the current 1s In a wire depends not only on the voltage 
between 1fs ends, but also on the resistance the wIre offers to the flow of electrons. 
Electron flow 1s Iimpeded because of collisions with the atoms of the wire. We 
define electrical resistance # as the proportionality factor between the voltage W 
(between the ends of the wire) and the current 7 (passing through the wire): 


V = TR. (18-2) 


Ohm found experimentally that in metal conductors # 1s a constant independent 
of V, a result known as Ohm*s law. Equation 18-2, V = 7Ñ, 1s 1tself sometimes 
called Ohm”s law, but only when referring to materials or devices for which Ñ 1s 
a constant independent of V. But Ñ 1s not a constant for many substances 
other than metals, nor for devices such as diodes, vacuum tubes, transisfors, and 
so on. Even for metals, Ñ 1s not constant 1f the temperature changes much: for 
a hphtbulb filament the measured resistance 1s low for small currents, but 
1s much hipher at the filament normal large operating current that puts 1t 
at the hiph temperature needed to make 1t glow (3000K). Thus Ohms 
“law” 1s not a fundamental law of nature, but rather a description oŸ a certain 
class of materials: metal conductors, whose temperature does not change much. 
Such materials are said to be “ohmic.” Materials or devices that do not follow 
Ohm law are said to be #onohmic. See Fig. 18—9. 

The unit for resistance 1s called the ohm and is abbreviated © (Greek capital 
letter omega). Because  = WV/1, we see that 1.0 Ô ¡s equivalent to 1.0 V/A. 


Flashlight bulb resistance. A small flashlight bulb (Fig. 18—10) 
draws 300 mA from its 1.5-V battery. (2) What is the resistance of the bulb? 
(b) IÝ the battery becomes weak and the voltage drops to 1.2 V, how would the 
current change? Assume the bulb 1s approximately ohmrc. 

APPROACH We apply Ohm's law to the bulb, where the voltase applied across 
1{ 1s the battery voltage. 


SOLUTION (z) We change 300 mA to 0.30 A and use Edq. 18-2: 


W 15V 
R T ñ30A. 5.0 Ó. 
(b) I the resistance stays the same, the current would be 
WV 12V 
]= R ` 500 024A = 240mA, 


or a decrease of 60 mA. 


NOTE_ With the smaller currenf in part (b), the bulb filamenf's temperature would 
be lower and the bulb less bright. Also, resistance does depend on temperature 
(Section 18—4), so our calculation 1s only a roueh approximation. 


EXERCISE €_ What ¡is the resistance of a lightbulb ¡f 0.50 A flows throuph ¡it when 120 V 
1S connected across 1t? 


AIlI electric devices, from heaters to liphtbulbs to stereo amplifiers, offer 
resistance to the flow of current. The filaments of lightbulbs (Fig. 18—5) and electric 
heaters are special types of wires whose resistance results in theiIr becoming very 
hot. Generally, the connecting wires have very low resistance in comparison to the 
resistance of the wire filaments or coils, so the connecting wires usually have a 
minimal effect on the magnitude of the current.' 


TA useful analogy compares the flow of electric charge in a wire to the flow of water in a river, or in a 
Pipe, acted on by gravity. If the river (or pipe) is nearly level, the flow rate is small. But ïf one end is 
somewhat higher than the other, the water flow rate——or current—Is greater. The greater the differ- 
ence in height, the swifter the current. We saw in Chapter 17 that electric potential is analogous to the 
height of a clIff for gravity. Just as an Increase in height can cause a greater flow of wafer, sO a greater 
electric potential difference, or voltaøe, causes a greater electric current. Resistance In a wire is analoøgous 
to rocks in a river that retard water flow. 
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In many circuits, particularly in electronic devices, resisfors are used to con- 
trol the amount of current. Resistors have resistances ranging from less than an 
ohm to millions of ohms (see Eigs. 1S—11 and 18-12). The main types are “WIre- 
wound” resistors which consist of a coil of fine wire, “compOsiflon” TeSIStOTS 
which are usually made of carbon, resistors made of thin carbon or metal 
films, and (on tiny Integrated circuit “chips”) undoped semiconductOors. 

'When we draw a diagram oŸ a circuit, we use the symbol 

“x- [resistor symbol] 
to Iindicate a resistance. WIres whose resistance 1s negligible, however, are shown 


simply as straight lines. Figure 18-12 and 1ts Table show one way to specify the 
TesIsfance Of a reSIS(OT. 


FIGURE 18-11 Photo of resistors (striped), 
plus other devices on a circuit board. 


Resistor Color Code FIGURE 18-12 The resistance value of a given resistor is written on 
————————————————————————————————————————— {he exferlor, or may be gIven as a color code as shown below and In 


c00% Number Muldpler  Tolerance the Table: the first two colors represent the first two dig1ts in the value 

Black 0 1 Of the resistance, the third color represenfts the power of ten that 1t 

B 1 101 1% must be multiplied by, and the fourth 1s the manufactured tolerance. 
Kily 8 ° For example, a resistor whose four colors are red, øreen, yellow, and 

Red 2 10 2% silver has a resistance of 25 x 10! = 250,000 Ó = 250 kO, plus or 

Orange 3 10 minus 10%. [An alternative code ¡is a number such as 104, which means 

'Yellow 4 10 R=1.0x100] 

Green hị 10 

Blue 6 106 

Violet 7 10 c> j Eirst digit 

Gray 8 108 ` Sccond digit 

White 9 109 —— Multiplier 

Gold 101 5% Tolerance 

Silver 105 10% 

No color 20% 


CONCEPTUAL EXAMIPLE 18-4 | Current and potential. Current 7 enters 


a resistor ®# as shown In Fig. 18—13. (z) Is the potential higher at point A or at 
point B? (0) Is the current greater at point A or at point B? 


RESPONSE (a) Positive charge always flows from + to —, from high potential 
to low potential. So 1Ÿ current 7 1s conventional (positive) current, poïnt A 1s af 
a higher potential than point B. 

(b) Conservation of charge requires that whatever charge flows Into the resistor 
at point A, an equal amount of charge emerges at point B. Charge or current 
does not get “used up” by a resistor. So the current is the same at A and B. 


An electric potential decrease, as from point A to point B in Example 18-4, 
1s Often called a pofenfial drop or a voltage drop. 


Some Helpful Clarifications 


Here we briefly summar1ze some possible misunderstandings and clarifications. 
Batteries do not put out a constant current. Instead, batteries are Intended to 
mainfain a constant potential difference, or very nearly so. (Details in the next 
Chapter.) Thus a battery should be considered a source of voltage. The voltage 1s 
applied across a w1re or devIce. 

Electric current passes /hrough a wire or device (connected to a battery), and 
1{s magnitude depends on that device”s resistance. The resistance 1s a 2røperíy oŸ 
the wre or device. The voltage, on the other hand, 1s external to the wire or device, 
and 1s applied across the two ends of the wire or device. The current through the 
device might be called the “response”: the currenf increases 1f the voltaøe Increases 
or the resistance decreases, as ï = W/R. 


FIGURE 18-13 Example 18-4. 


—> j 
—+—Aw—+>— 
A R B 


$cAuiion 
Voltage is applied across a deUice; 
Current passes through a deuice 


SECTION 18-3_ Ohm“s Law: Resistance and Resistors Bữ7 


Current 1s zøf a vector, even though current does have a direction. In a thin 
wire, the direction of the current 1s always parallel to the wire at each point, no 
matter how the wire curves, Just like water m a pipe. The direction of conven- 
tional (positive) current is from high potential (+) toward lower potential (—). 

‹$ CAUTION Current and charge do not increase or decrease or øet “used up” when goïng 
Cuzremt is ao( eonsuzed  through a wtre or other device. The amount of charge that goes In at one end 
comes out at the other end. 


18-4 Resistivity 


]t is found experimentally that the resistance # of a uniform wire 1s directly pro- 
portional to 1fs length £ and Inversely proportional to 1s cross-sectional area A. 
That 1s, 

0 
GP 
where p (Greek letter “rho”), the constant of proportionality, is called the resistivity 
and depends on the material used. Typical values of ø, whose units are ©Ö-m (see 
Eq. 18-3), are given for various materials in the middle column of Table 18-1 
which 1s divided Into the categorles cortducfors, insulafors, and semiconductors 
(Section 16—3). The values depend somewhat on purity, heat treatment, temper- 
ature, and other factors. Notice that silver has the lowest resisfivity and 1s thus 
the best conductor (although it 1s expensive). Copper 1s close, and much less 
expensive, which 1s why most wires are made of copper. Aluminum, although 1t 
has a higher resistivify, 1s much less dense than copper; 1t 1s thus preferable to 
COpper 1n some situafions, such as for transmission lines, because 1s resistance 
for the same weight is less than that for copper. 


R= (18-3) 


EXERCISE D Return to the Chapter-Opening Question, page 501, and answer it again 
now. Try to explain why you may have answered differently the first time. 


The reciprocal of the resistivity, called the electrical conduetivity, is z = 1/p and has units of (O-m)”]. 


TABLE 18-1 Resistivity and Temperature Coefficients (at 20°C) 


Resistivity, Temperature 

Material p (Ô - m) Coefficient, œ (C°)"1 
Conductors 

Silver 1.59 x 108 0.0061 

Copper 1.68 x 107 0.0068 

Gold 2.44 x 107 0.0034 

Aluminum 2.65 x 1078 0.00429 

Tungsten 56 x 108 0.0045 

Iron 9/71 x 10Ẻ 0.00651 

Platinum 10.6 x 107 0.003927 

Mercury 9 x 10 0.0009 

Nichrome (Ni, Fe, Cr alloy) 100 x 107Ẻ 0.0004 
Semiconductorst 

Carbon (graphite) (3-60) x 10Ì —0.0005 

Germanium (1-500) x 103 —0.05 

Silicon 0.1—60 —0.07 
TInsulators 

Glass 102-101 

Hard rubber 1013~1015 


ÊValues depend strongly on the presence of even slight amounts of impurities. 
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EXERCISE E A copper wire has a resistance of 10 Ò. What would ifs resistance be 1 It 
had the same diameter but was only half as long? (z) 20 Ó, (5) 100, (c) 5O, (4)10, 
(e) none of these. 


Speaker wires. Šuppose you want to connect yOur s(ereo to 
remote speakers (Fig. 18—14). (2z) IÍ each wire must be 20 m long, what diameter 
copper wire should you use to keep the resistance less than 0.10 O per wire? 
(b) IÝ the current to each speaker 1s 4.0 A, what is the potential difference, or 
voltage drop, across each wire? 

APPROACH We solve Eq. 18—3 to get the area 41, from which we can calculate 
the wire's radius using A = zr”. The diameter is 2z. In (b) we can use Ohm's 
law, W = IN. 


SOLUTION (a) We solve Eq. 18-3 for the area 4 and fnd p for copper in 
Table 18—1: 


: £ (1.68 x 1030 -m)(20 m) 
¡"”. & (0.10 0) 


The cross-sectional area A4 of a circular wire is A = zr”. The radius must then 


be at least 
A —3 
r= m = 1.04 x 10m = 1.04mm. 


The diameter 1s twIce the radIius and so must be at least 2r = 2.1 mm. 


— 3.4 10 "mẺ. FIGURE 18-14 Example 18-5. 


(b) From W = /R we fnd that the voltage drop across each wire 1s 
Wƒ = IR = (40A)(0100) = 040V. 


NOTE The voltage drop across the wires reduces the voltage that reaches the 
speakers from the stereo amplifier, thus reducing the sound level a bịt. 


Stretching changes resistance. Suppose 
a WIre OÝ resistance # could be stretched uniformly until 1t was twice 1s original 
length. What would happen to 1ts resistance? Assume the amount of material, 
and therefore 1ts volume, doesnt change. 


RESPONSE TỶ the length £ doubles, then the cross-sectional area 4A 1s halved, 
because the volume (W = 4) of the wire remains the same. From Eq. 18—3 we 
see that the resistance would increase by a factor of four (2/2 = } 


EXERCISE F _Copper wires In houses typically have a diameter of about 1.5 mm. How 
long a wire would have a 1.0-OÓ resistance? 


Temperature Dependence of Resistivity 


The resistivity of a material depends somewhat on temperature. The resistance of 
metals generally increases with temperature. Thịs 1s not surprising, because at higher 
temperatures, the atoms are moving more rapidly and are arranged 1n a less orderly 
fashion. So they might be expected to interfere more with the flow of electrons. If 
the temperature change 1s not too øreat, the resisfivity of metals usually Increases 
nearly linearly with temperature. That 1s, 


Đr pa[1 + aƒT — T)] (18-4) 


where øg is the resistivity at some reference temperature 7ạ (such as 0°C or 20°C), 
Ør 1S the resIstivity at a temperature 7, and œ 1s the femperature coefficient of 
resisfivity. Values for œ are øg1ven 1n Table 18—1. Note that the temperature coefficient 
for semiconductors can be negative. Why? It seems that at higher temperatures, 
some of the electrons that are normally not free In a semiconductor become free 
and can contribute to the current. Thus, the resistance of a semiconductor can 
decrease with an Increase 1n temperature. 
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€@ÒpHvysics APPLIED 
Resistance thermometer 


FIGURE 18-15 A thermistor only 
13 mm long, shown next to a 
millimeter ruler. 


FIGURE 18-16 Hot electric stove 
burner ølows because of energy 
transformed by electric current. 


EXAMPLE 18-7 | Resistance thermometer. The variation 1n electrical resis- 
tance with temperature can be used to make precise temperature measuremenfs. 
Platinum 1s commonly used since 1t 1s relatively free from corrosive effects and has 
a hiph melting point. Suppose at 20.0”°C the resistance of a platinum resistance 
thermometer 1s 164.2 O0. When placed In a particular solution, the resistance 1s 
187.4 Ó. What is the temperature of this solution? 

APPROACH Since the resistance R is directly proportional to the resIstivity p, 
we can combine Eq. 18—3 with Eq. 18—4 to find Ñ as a function of temperature 7, 
and then solve that equation for 7. 
SOLUTION Equation 18-3 tells us § = ø/A, so we multiply Eq. 18-4 by 
(A) to obtain 

R = Rạ[l + a(T — T)|. 
Here Ñạ = pạg/A ïs the resistance of the wire at 7ụ = 20.0°C. We solve this 
equation for 7'and fnd (see Table 18—1 for œ) 

R—N 1874Ó — 16420 


T = Tạ+ = 20.0°C + = 560°G. 
AM (3.927 x 10”3(C°)“")(164.2 O) 


NOTE Resistance thermometers have the advantage that they can be used at 
very high or low temperatures where gas or liquid thermometers would be useless. 


NOTE More convenient for some applications is a thermistor (Fig. 18-15), 
which consists oŸ a metal oxide or semiconductor whose resistance aÏso varIes In 
a repeatable way with temperature. Thermistors can be made quite small and 
respond very quickly to temperature changes. 


EXERCISE G The resistance of the tungsten filament of a common incandescent liphf- 
bulb is how many times øreater af 1ts operating temperature of 2800 K than is resistance 
at room temperature? (4) Less than 1% greater; (b) roughly 10% greater; (c) about 
2 times greater; (đ) roughly 10 times greater; (e) more than 100 times greater. 


The value of z in Eq. 18—4 can ifself depend on temperafture, so 1f 1s ImpOT- 
tant to check the temperature range of validity of any value (say, in a handbook 
of physical data). If the temperature range 1s wide, Eq. 18—4 is not adequate and 
terms proportional to the square and cube of the temperature are needed, but 
these terms are generally very small except when 7' — 7 is large. 


18-5 Electric Power 


Electric energy 1s useful to us because 1t can be easily transformed Into other 
forms of energy. Motors transform electric energy into mechanical energy, and 
are examined in Chapter 20. 

In other devices such as electric heaters, stoves, toasters, and hair dryers, 
electric energy 1s transformed Into thermal energy In a wire resistance known as a 
“heating element.” Andn an ordinary lightbulb, the tiny wire filament (Fig. 18—5 
and Chapter-Opening Photo) becomes so hot it glows; only a few percent of the 
energy 1s transformed info visible light, and the rest, over 90%, into thermal energy. 
Lightbulb filaments and heating elements (Fig. 18—16) in household appliances have 
resistances typically of a few ohms to a few hundred ohms. 

Electric energy 1s transformed Into thermal energy or light in such devices, 
and there are many collisions between the moving electrons and the atoms of the 
wire. In each collision, part of the electron's kinetic energy 1s transferred to the 
atom with which 1t collides. As a result, the kinetic energy of the wire”s aftoms 
Increases and hence the temperature (Section 13-9) of the wire element Increases. 
The Increased thermal energy can be transferred as heat by conduction and 
convectfion fo the air in a heater or to food in a pan, by radiation to bread In a 
toaster, or radiated as lipht. 


B10 CHAPTER18 Electric Currents 


To find the power transformed by an electric device, recall that the energy 
transformed when a charge @ moves throuph a potential diference V 1s QV 
(Eq. 17-3). Then the power P, which is the rate energy 1s transformed, Is 


P energy transformed @V 
s time s8 


The charge that flows per second, Ó/, is the electric current 7. Thus we have 
P = IV. (18-5) 


Thịs general relation g1ves us the power transformed by any device, where ƒ 1s the 
current passing through 1t and W 1s the potential difference across 1t. It also ø1ves 
the power delivered by a source such as a battery. The SI unit of electri€c pOWT 1S 
the same as for any kind of power, the waff (1W = 11/5). 

The rate of energy transformation In a resistance ®# can be wriften in two 
other ways, starting with the general relation ? = 7V and substituting in Ohm's 
law, W = IÑ: 


P = IV = I(IR) = R (18-6a) 
V V2 
P=IV= Hù = (18-6b) 


Equations 18-6a and b apply only to resistors, whereas Eq. 18-5, ? = JV, 1s 
more general and applies to any device. 


EXAMPLE 18-8 | Headlights. Calculate the resistance of a 40-W automobile 
headlight designed for 12 V (Eig. 18—17). 
APPROACH We solve for Rin Eq. 18§—6b, which has the given variables. 
SOLUTION FErom Edq. 18—ób, 
V2 (12V} 
R= = = 3.60. 
P (40W) 


NOTE This is the resistance when the bulb is burning brightly at 40W. When 
the bulb is cold, the resistance is much lower, as we saw In Eq. 18-4 (see also 
Exercise G). Since the current is high when the resistance 1s low, lightbulbs burn 
out most often when first turned on. 


Ït 1s energy, not power, that you pay for on your electric bill. Since power 1s the 
rafe enersy 1s transformed, the total energy used by any device 1s simply 1tS DOWer 
consumption multiplied by the time 1t 1s on. Ifthe power 1s in wafts and the time 1s 
in seconds, the energy will be in joules since 1W = 11/s. Electric companies 
usually specify the energy with a much larger unit, the kilowat(-hour (KWh). 
One kWh = (1000 W)(3600s) = 3.60 x 10]. 


Electric heater. An electric heater draws a steady 15.0 A 
on a 120-V line. How much power does 1f require and how much does 1t cost per 
month (30 days) 1Ÿ 1t operates 3.0 h per day and the electric company charges 
9.2 cenfs per kWh? 


APPROACH We use Eq. 18-5, P = IV, to find the power. We multiply the 
power (in kW) by the time (h) used in a month and by the cost per energy unIt, 
$0.092 per kWh, to get the cost per month. 
SOLUTION The power 1s 
P = IV = (150A)(120V) 
= 1800W = 1.80kW. 
The time (ín hours) the heater ¡is used per month ¡s (3.0 h/d)(30 d) = 90h, 


which at 9.2g/KWh would cost (1.80 kW)(90h)($0.092/kWh) = $15, just for 
this heater. 


NOTE Household current is actually alternating (ac), but our solution 1s still 
valid assuming the given values for V and 7 are the proper averages (rms) as we 
discuss in Section 18~—7. 


40-W Headlight 


FIGURE 18-17 Example 18-8. 
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Why lightbulbs burn out tuhen 
irst turned on 


$*CAUTION 
You pay ƒor energy, tuhich 
i$ DO4Uer X từne, not ƒOr pOtUer 
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đÒpHvysics APPLIED 
Lightning 


FIGURE 18-18 Example 16-10. 
A lightning bolt. 


@ÒpHvysics APPLIED 
Saƒety—uires getting hot 


€@ÒpHvysics APPLIED 
Fuses, circuit breakers, and shorfs 


EXAMPLE 18-10 | ESTIMATE | Lightning bolt. Lightning 1s a spectacular 


example of electric currenf In a natural phenomenon (Hg. 18—18). There 1s much 
variability to lightning bolts, but a typical event mipht transfer 10” J of energy 
across a potential difference of perhaps 5 < 10” V during a time interval of about 
0.2 s. se this Information to estimate (2) the total amount of charge transferred 
between cloud and ground, (5) the current in the lightning bolt, and (c) the 
average power delivered over the 0.2 s. 


APPROACH We estimate the charge Ó, recalling that potential energy change 
equals the potential difference AV times the charge Ó, Eq. 17-3. We equate 
APE with the energy transferred, APE + 10?J. Next, the current 7 is Ó/f 
(Eq. 18—1) and the power P 1s energy/time. 


SOLUTION (a) From E4. 17-3, the energy transformed 1s APE = @ AV. We 
solve for Ợ: 
APE 102 


O = AV ~ 5... =_ 20coulombs. 


(b) The current during the 0.2 s 1s about 


Q 20C 
] = = 100A. 
f 0.2s 


(c) The average power delivered 1s 


1011 
c7 = 5x109W = 5GW. 
time 0.2s 


We can also use Eq. 18—5: 
P = IV = (100A) x 10V) = 5GW. 


NOTE Since most lightning bolts consist of several stages, 1t is possible that Indi- 
vidual parts could carry currents much higher than the 100 A calculated above. 


EXERGISE H Since 1 kWh = 3.6 x 105J, how much mass must be lifted against gravity 
through one meter to do the equivalent amount of work? 


18-6 Power in Household Circuits 


The electric wires that carry electricity to lights and other electric appliances In 
houses and buildings have some resistance, although usually it is quite small. 
Nonetheless, 1f the current is large enough, the wires will heat up and produce 
thermal energy at a rate equal to /^R, where R is the wires resistance. One possi- 
ble hazard 1s that the current-carrying wires in the wall of a building may become 
so hot as to start a fire. Thicker wires have less resistance (see Eq. 18-3) and thus 
can carry more current without becoming too hot. When a wire carries more 
current than 1s safe, 1f is said to be “overloaded.” To prevent overloading, fuses or 
cireuif breakers are Installed in circuits. They are basically switches (Eig. 18—19, top 
of next page) that open the circuit when the current exceeds a safe value. 
A 20-A fuse or circuit breaker, for example, opens when the current passing 
throuph 1t exceeds 20 A. If a circuit repeatedly burns out a fuse or Opens a CIrCUIf 
breaker, and no connected device requires more than 20 A, there are fWO pOSSI- 
bilities: there may be too many devices drawing current in that circuit; or there 1s 
a fault somewhere, such as a “short.” A short, or “short circuit,” means that two 
wires have touched that should not have (perhaps because the insulation has worn 
through) so the path of the current 1s shortened through a path of very low 
resistance. With reduced resistance, the current becomes very large and can 
make a wire hot enouph to start a fire. Short circuits should be remedied Iimmediately. 
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Contact 
Compressed points 
spring Contacts open 
Outsidc A5 Âm _—ï Metal 
switch : l Töd 
lỆ 
Bimetallic To electric 
strip CIrcuit 
Fuse 
ribbon or IÑlp 
fine wIre 


(b) Circuit breaker 
(closed) 


(c) Circuit breaker 
(open) 


(a) Types of fuses 


Household cireuits are designed with the various devices connected so that 
each receives the standard voltage (Fig. 18-20) from the electric company (usually 
120 Vïn the United States). Circuits with the devices arranged as In Fig. 18-20 
are called parallel circuifs, as we wlll discuss in the next Chapter. When a fuse 
blows or circuit breaker opens, 1 1s important to check the total current being 
drawn on that circuit, which 1s the sum of the currents in each device. 


EXAMPLE 18-11 | WiII a fuse blow? Determine the total current drawn by 
all the devices In the circuit of Fig. 18—20. 
APPROACH Each device has the same 120-V voltage across it. The current each 
draws from the source ¡is found from 7 = P/V, Eq. 18-5. 
SOLUTION The circuit in Eig. 18-20 draws the following currents: the light- 
bulb draws 7 = P/V = 100 W/120 V = 0.8 A; the heater draws 1800 W/120 V = 
15.0A; the power amplifier draws a maximum of 175 W/120V = 1.5 A; and 
the hair dryer draws 1500 W/120V = 12.5 A. The total current drawn, if all 
devices are used at the same time, 1s 


0.8A + 150A +1.5A +125A = 298A. 


NOTE The heater draws as much current as 18 100-W Iightbulbs. For safety, the 
heater should probably be on a circuit by 1self. 


TỶ the circuit in Eig. 18-20 1s designed for a 20-A fuse, the fuse should blow, 
and we hope 1t will, to prevent overloaded wires from getting hot enouph to start 
a ñre. Something will have to be turned off to get this circuit below 20 A. (Houses 
and apartments usually have several circuits, each with 1ts own fuse or circuit 
breaker; try moving one of the devices to another circuif.) If the circuit is designed 
with heavier wIre and a 30-A fuse, the fuse shouldn't blow——If 1t does, a short may be 
the problem. (The most likely place for a short is in the cord of one of the devices.) 
Proper fuse s1ze 1s selected according to the wire used to supply the current. A prop- 
erly rated fuse should ø#euer be replaced by a higher-rated one, even 1n a car. 
A fuse blowing or a circuit breaker opening 1s acting like a switch, making an 
“open circuit.” By an open circuit, we mean that there is no longer a complete 
conducting path, so no current can flow; 1t 1s as IÝ Ñ = œ. 


CONCEPTUAL EXAMPLE 18-12 


1800-W portable electric heater 1s too far from your desk to warm your feet. Its 
cord 1s too short, so you plug 1t Into an extension cord rated at 11 A. Why 1s this 
dangerous? 


A dangerous extension cord. Your 


RESPONSE 1800 W at 120 V draws a 15-A current. The wires In the extension 
cord rated at 11 A could become hot enough to melt the insulation and cause a fire. 


EXERCISE I How many 60-W 120-V Iightbulbs can operate on a 20-A line? (4) 2; (b) 3; 
(c) 6; (đ) 20; (e) 40. 


SECTION 18-6 Power in Household Circuits 


FIGURE 18-19 (a) Euses. When current 
exceeds a certain value, the metallic 
ribbon or wire Inside melts and the circuit 
opens. Then the fuse must be replaced. 
(b) One type of circuit breaker. Current 
passes through a bimetallic strip. When 
the current exceeds a safe level, the heating 
of the bimetallic strip causes the sfrIp to 
bend so far to the left that the notch in the 
spring-loaded metal rod drops down over 
the end of the bimetallic strip (c) and the 
circuit opens at the contact points (one is 
attached to the rod) and the outside switch 
1s also flipped. When the bimetallic strip 
cools, 1t can be resef using the outside switch. 
Better magnetic-type circuit breakers are 
discussed in Chapters 20 and 21. 


FIGURE 18-20 Connection of 
household appliances. 


? Swiích 
Ỷ Lightbulb 
100W 


Electric heater 
1800W 


Power amplifier 
175W 


120V 
(from electric company) 
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FIGURE 18-21 (a) Direct current, 


Time 
(a) dc 


Time 


(b)ac 


and (b) alternating current, as 
functions of time. 
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FIGURE 18-22 Power transformed 
1n a r©SISfOr In an ac circuIt. 
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18-2 Alternating Current 


'When a battery 1s connected to a circuit, the current moves steadily mm one direc- 
tion. Thịs 1s called a đirecf curren(, or dc. Electric generators at electric power 
plants, however, produce alternafing curren(, or ac. (Sometimes capifal letters are 
used, DC and AC.) An alternating current reverses direction many times per second 
and 1s commonly sinusoidal, Fig. 18—21. The electrons In a wire Íirst move 1n one 
direction and then In the other. The current supplied to homes and businesses by 
electric companIes 1s ac throughout virtually the entire world. We wIll discuss and 
analyze ac circuits in detail in Chapter 21. But because ac cIrcuifs are so common 
1n real life, we wIll discuss some of the1r basic aspects here. 

The voltage produced by an ac elecftric generafOor 1s sinusoidal, as we shall see 
later. The current it produces Is thus sinusoidal (Fig. 18-21b). We can write the 
voltage as a funcfion of time as 

Vƒ = Wssn2rƒff =  Wạsm œf. (18-7a) 
The potential V oscillates between + Wọ and — Wọ, and Wạ 1s referred to as the peak 
voltage. The frequency ƒ1s the number of complete oscillations made per second, 
and œ = 27rƒ. In most areas of the United States and Canada, ƒ¡s 60 Hz (the 
unit “hertz,” as we saw in Chapters 8 and 11, means cycles per second). In many 
countries, 50 Hz is used. 

Equation 18-2, ƒ = !R, works also for ac: 1 a voltage V eXIsts aCrOSS a T€SIS- 
tance #, then the current 7 through the resistance 1s 


1 ã Đg Í 1ạ sm @Í (18-7h) 
= — = SInơf = lgssinøf. _ 

R =ñ ' 

The quantity 7¿ = Wq/Ñ ¡s the peak current. The current ¡is considered posi- 
tive when the electrons flow In one direcfion and negative when they flow 1n the 
opposite direction. It 1s clear from Fig. 18-21b that an alternating current 1s as 
Often positive as 1t 1s negative. Thus, the average current 1s zero. This does nof 
mean, however, that no power 1s needed or that no heat 1s produced 1n a resISfOT. 
Electrons do move back and forth, and do produce heat. Indeed, the power 
transformed ïn a resistance # at any instant 1s (Eq. 1S—7b) 

PéŠ 7ñ > i.hngn¿ 
Because the current 1s squared, we see that the poWer 1s always pOSIfIVe, as 
graphed in Eig. 18-22. The quantity sin” øf varies between 0 and 1; and it is not 
too difficult to showÏ that its average value is j, as indicated in Fig. 18-22. Thus, 


the øuerage po+uer transformed, ?, 1s 

P = jïDR. 
Since power can also be written P = V?/R = (V/R) sin? øf, we also have that 
the averaøe DOWET 1S 

= Xn 

P=1—.- 

R 

The average or mean value of the sguare oŸ the current or voltage 1s thus what 
is important for calculating average power: 7“ = ‡/2 and V7 = 3V. The square 
root of each of these ïs the rms (root-mean-square) value of the current or voltaøe: 


= Ị 
toc W s°: =U0ỜNh; (18-8a) 


V5 


=. 
Mịmg MP se 
J2 


TA raph of cos? œf versus f is iđentical to that for sin? œứ in Eig. 18—22, except that the points are shifted 
(by ‡ cycle) on the time axis. Thus the average value of sin” and cos”, averaged over one or more full cycles, 
will be the same. From the trigonometric identity sin2Ø + cos”Ø = 1, we can write 

(sin2@f) + (cos2øf) = 2(sinøf) = 1. 
Henee the average value of sin” øf is 3 


0.7074. (18-8b) 
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The rms values of W and ƒ are sometimes called the eƒffecfioe alues. They are 
useful because they can be substituted directly into the power formulas, Eqs. 18—5 
and 18-6, to get the averagøe pOW€T: 


P — Tìm V:ms (18-9a) 

LI Tản... (18-9b) 

= Vì K. 

B.= ñ 50) 2à TS - 18— 
2Ð R (18-9) 


Thus, a direct current whose values of ƒ and V equal the rms values of 7 and V for 
an alternating current will produce the same power. Hence 1t is usually the rms 
value of current and voltage that 1s specified or measured. For example, in the 
United States and Canada, standard line voltage 1s 120-V ac. The 120 V 1s Wr:ms; 
the peak voltage Vụ is (Eq. 1S—8b) 


Wạ = V2V„ = 170V. 


In much of the world (Europe, Australia, Asia) the rms voltage is 240 V, so the 
peak voltage 1s 340 V. The line voltage can vary, depending on the tofal load; the 
frequency of 60 Hz or 50 Hz, however, remains extremely steady. 


EXAMPLE 18-13 | Hair dryer. (z) Calculate the resistance and the peak cur- Motor 
rent in a 1500-W haïr dryer (Fig. 18-23) connected to a 120-V ac line. (b) What 
happens 1Ý 1t 1s connected to a 240-V ac line in Britain? 

APPROACH We are given P and W„¿, so my = P/Mn; (Eg.18-9a or 18-5), 
and íạ = V⁄2 !„„. Then we fnd R from V = IÑ. 


Fan 


Heating 
SOLUTION (a) We solve Eq. 18—9a for the rms current: coils 
r nh: "`". .ẻ... 
= mg 120V buàa 
Then 
bạ = V2l„y = 117A. 
: $ Cord 
The resistance is FIGURE 18-23 A hair dryer. Most 
of the current øgoes through the 
lý = Yim = UY = 960). heating coils, a pure resistance; 


fax lĐãA 


a small part goes to the mofor to turn 


The resistance could equally well be calculated using peak values: X000/62258 N00) 


(b) When connected to a 240-V line, more current would flow and the resistance 
would change with the increased temperature (Section 18-4). But let us make 
an estimate of the power transformed based on the same 9.6-Ó resistance. 
The average power would be 


Vn 
R 
(240 V)2 


= `“ ——- = 6000W. 
(9.6 ©) 


Thịs 1s four times the dryer power rating and would undoubtedly melt the 
heating element or the wire coils of the motOr. 


This Section has g1ven a brief introduction to the simpler aspects of alternat- 
Ing currents. We will discuss ac circuits in more detail in Chapter 21. In Chapter 19 
we wIll deal with the details of dc circuIts only. 
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*18—8 Microscopic View of Electric Current 


5 — xe _— lt can be useful to analyze a simple model of electric current at the microscopIc 
——- level of atoms and electrons. In a conducting wrre, for example, we can imagine the 
-—— free electrons as moving about randomly at high speeds, bouncing off the atoms of 

Wụ the wire (somewhat like the molecules of a gas—Sections 13—8 to 13—10). When 

FIGURE 18-24 Electric fieldEina an electric field exists in the wire, Eig. 18—24, the electrons feel a force and initially 
Wire gives electrons in random begin to accelerate. But they soon reach a more or less steady average velocIty 
motion a drift velocity Ýa. Note Ÿa IS known as their drift velocity, a (collisions with atoms ïn the wire keep them from 
¡n the opposite direction of E accelerating further). The drift velocity 1s normally very much smaller than the 


because electrons have a negafive 


= ếP electrons” average random speed. 
charge (E = gE). 


We can relate œa to the macroscopIc current ƒ in the wire. In a time Aứ, the 
electrons will travel a distance £ = œa Af on average. Suppose the wire has cross- 
sectional area A. Then in time Aứ, electrons in a volume W = Af = A%a Af wil 


FIGURE 18-25 Electrons in the pass throuph the cross sectlon 4 of wire, as shown im Hig. 18-25. If there 
volume 4# will all pass through the are ứ free electrons (each with magnitude of charge e) per unit volume, then the 
cross section indicated in a time Af,  total number of electrons is  = ø0V (V is volume, not voltage) and the total 
where Ê = œạ Ai. charge AQ that passes through the area 4 In a time Af 1s 


AØ = (number of charges, W) % (charge per particle) 
= (nV)(e) = (nAùa Af)(e). 
The magnitude of the current 71n the wire 1s thus 
]= = A 18—10 
Bà sa ne 9a. (18-10) 
EXAMPLE 18-14 | Electron speed in wire. A copper wire 3.2 mm In diameter 
carries a 5.0-A current. Determine the drift velocity of the free electrons. Assume 
that one electron per Cu atom 1s free to move (the others remain bound to the atom). 


APPROACH We apply Eq. 18—10 to fnd the drift velocity œạ 1Ý we can determine 
the number 7 of free electrons per unit volume. Since we assume there 1s one 
free electron per atom, the density of free electrons, 7, 1s the same as the number 
of Cu atoms per unit volume. The atomic mass of Cu 1s 63.5 u (see Periodic Table 
inside the back cover), so 63.5 g of Cu contains one mole or 6.02 x 107 free 
electrons. To find the volume W of this amount of copper, and then ¡ = N/V, 
we use the mass density of copper (Table 10-1), øp = 8.9 x 10 kg/mỶ, where 
Ppp = m/V. (We use pp to distinguish ït here from ø for resistivity.) 


SOLUTION The number of free electrons per unit volume,  = W/W (where 
Ý = volume = 7#/pp), IS 

N N N(1 mole) 
) ĐD 


(= DÀI Af 


z m/pp — m(1mole 


— c x 10 electrons 
63.5 x 10ˆ^kg 


The cross-sectional area of the wire is A = r?= z(1.6 x 10m} = 
8.0 x 105m”. Then, by Eq. 18-10, the drift velocity has magnitude 


I 5.0A 
neA (8.4 x 10m 3)(1.6 x 10”'”?C)(8.0 x 10 “m?) 
= 46 x 107m/s + 0.05 mm/s. 


NOTE The actual speed of electrons bouncing around inside the metal is estimated 
to be about 1.6 < 10” m/s at 20°C, very much greater than the drift velocity. 


lss x 10kg/m?) = 8.4 x 10m3. 


The drift velocity of electrons in a wire is slow, only about 0.05 mm/s in 

Example 18—14, which means it takes an electron about 20 x 10s, or 5 3 h, to 

travel only 1m. This 1s not how fast “electricity travels”: when you flip a light 

switch, the lipht—even 1f many meters away——goes on nearly instantaneously. 

Why? Because electric fields travel essentially at the speed of light (3 < 10°m/3). 

We can think of electrons In a wire as berng like a pIpe full of water: when a little 
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*18-9 Superconductivity 


At very low temperatures, well below 0°C, the resistivity (Section 18—4) of certain 
mefals and certain compounds or alloys becomes zero as measured by the hiphest- 
precIsion techniques. Materials in such a state are said to be superconducting. 
Thĩs phenomenon was first observed by H. K. Onnes (1853—1926) in 1911 when he 
cooled mercury below 4.2 K (—269°C) and found that the resistance oŸ mercury 
suddenly dropped to zero. In general, superconductors become superconducting 
only below a certaln fransition temperafture OT critical temperafure, Tc, which 1s 
usually within a few degrees of absolute zero. Current In a ring-shaped supercon- 
ducting material has been observed to flow for years In the absence of a potential 
difference, with no measurable decrease. Measurements show that the resIstIVIty p 
of superconductors is less than 4 x 10 ”O-m, which is over 10" times smaller 
than that for copper, and 1s considered to be zero 1n practice. See Flg. 18—26. 


FIGURE 18-26 A superconducting 
material has zero resistIivity when Its 
temperature 1s below 7œ, 1s “critIcal 
temperature.” At temperatures above 7c, 
the resistivity Jumps to a “normal” nonzero 
value and Increases with temperature as 
Tê most materials do (Eq. 18-4). 


ResIstIvIty, p 


Before 1986 the hiphest temperature at which a material was found to 
superconduct was 23 K, which required liquid helium to keep the material cold. 
In 1987, a compound of yttrium, barium, copper, and oxygen (YBCO) was 
developed that can be superconducting at 90K. Since this 1s above the boiling 
temperature of liquid nitrogen, 77 K, liquid nitrogen 1s sufficiently cold to keep 
the material superconducting. This was an Iimportant breakthrough because 
liquidd mitrogen 1s much more easily and cheaply obtained than 1s the lquid 
helium needed for earlier superconductors. Superconducfivity at temperafures 
as hiph as 160 K has been reported, thouph In fragile compounds. 

To develop high-7c superconductors for use as wires (such as for wires in 
“superconducting electromagnets”—Section 20-7), many applicatlons today 
utilize a bismuth-strontium-calcium-copper oxide (BSCCO). A major challenge  ƑIGURE 18-27 A simplified sketch 
1s how to make a useable, bendable wire out of the BSCCO, which 1s very brittle. of a typical neuron. 

(One solution is to embed tiny filaments of the high-7c superconductor in a metal 
alloy, which 1s not resistanceless but has resistance much less than a conventional 
copper cable.) 


Signal from another neuron 


*18—10 Electrical Conduction in the ự 
Human Nervous System NI 


An mferesting example of the flow of electric charge 1s In the human nervous system, 
which provides us with the means for being aware of the world, for communication 
withm the body, and for controlling the body°s muscles. Although the detailed | | 
functioning of the hugely complex nervous system sfill 1s not well understood, 
we do have a reasonable understanding of how messages are transmitted within 
the nervous system: they are electrical signals passing along the basic element 
Of the nervous system, the neuron. 
Neurons are living cells of unusual shape (Hg. 18-27). Attached to the main 

cell body are several small appendages known as đendries and a long tail called í 
the øxơn. Signals are received by the dendrites and are propagated along the  ŠYn4pse”ƒ 
axon. When a signal reaches the nerve endinøs, 1t 1s transmifted to the next 'ẤnGtlie£ii60Eoh 
neuron or to a muscle at a connection called a sywapse. or a muscle 


Axon 
Myelin sheath 
=———Node of Ranvier 


Nerve endings 
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TABLE 18-2 
Concentrations of lons Inside 
and Outside aTypical Axon 


Concenfrafon Concenfrafion 
inside axon oufside axon 


Potential V(mV) 


(mol/m°) (mol/m°) 
K 140 h 
Na" 15 140 
GÌ 9 125 
Extracellular 


fuid €Ð 
+ + 
| 


FIGURE 18-28 How a dipole layer 


of charge forms on a cell membrane. 


FIGURE 18-29 Measuring the 
potential difference between the 
1nside and outside of a nerve cell. 


V, 


outside 


Axon 


20 Time (ms) 
0 ị 
—20 
-40 
-60†L_ J7 \ 
S0 ~ 
Resting Action 
potential potential 


A neuron, before transmitting an electrical sipnal, 1s in the so-called “resting 
state.” Like nearly all living cells, neurons have a net posifive charge on the oufer 
surface of the cell membrane and a negative charge on the Inner surface. 
This difference in charge, or dipole layer, means that a potential difference 
exIsts across the cell membrane. When a neuron 1s not transmitting a signal, this 
resfing pofenfial, normally stated as 


ìngide — outside › 


1s typically —60 mV to —90mV, depending on the type of organism. The mosf 
common ions in a cell are K”, Na”, and CI”. There are large differences in the 
concentrafions of these 1ons 1nside and oufside an axon, as indicated by the typical 
values given In Table 18-2. Other ions are also present, so the fluids both Inside 
and outside the axon are electrically neutral. Because of the differences in concenfra- 
tion, there 1s a tendency for ions to diffuse across the membrane (see Section 13—13 
on diffusion). However, ¡n the resting state the cell membrane prevenfs any net 
flow of Na” through a mechanism of active transportỶ of Na* ions out of the cell 
by a particular protein to which Na” attach; energy needed comes from ATTP, 
But it does allow the flow of CI” lons, and less so of KỶ lons, and 1í 1s these two 
1ons that produce the dipole charge layer on the membrane. Because there 1s 
a preater concentration of K” inside the cell than outside, more K” ions tend 
to difuse outward across the membrane than diffuse inward. A KT ion that 
pAasses through the membrane becomes attached to the outer surface of the 
membrane, and leaves behind an equal negative charge that lies on the Inner 
surface of the membrane (Fig. 18-28). The fluids themselves remain neutral. 
What keeps the 1ons on the membrane 1s ther attraction for each other across 
the membrane. Independently, CÏ lons tend to diffuse /zío the cell since their 
concentration outside ¡is higher. Both K” and CI” diffusion tends to charge the 
1nferior surface of the membrane negative and the outside posifive. As charge 
accumulates on the membrane surface, 1t becomes Increasingly difficult for more 
ions to điffuse: K” ions trying to move outward, for example, are repelled by the 
pOosttive charge already there. Equilibrium 1s reached when the tendency to diffuse 
because of the concentration difference 1s just balanced by the electrical potential 
difference across the membrane. The greater the concentration difference, the 
øreater the potential difference across the membrane (—60mV to —90 mV). 

The most Important aspect of a neuron 1s not that 1t has a resting potential 
(most cells do), but rather that it can respond to a stimulus and conduct an elec- 
trical sipgnal along 1ts length. The stimulus could be thermail (when you touch a 
hot stove) or chemical (as In taste buds); it could be pressure (as on the skin or at 
the eardrum), or lipht (as in the eye); or 1t could be the electric stimulus of a 
signal coming from the brain or another neuron. In the laboratory, the stimulus 1s 
usually electrical and 1s applied by a tiny probe at some point on the neuron. TỶ 
the stimulus exceeds some threshold, a voltage pulse wIll travel down the axon. 
Thịs voltage pulse can be detected at a point on the axon using a voltmeter or an 
Ooscilloscope connected as in Eig. 18-29. This voltage pulse has the shape shown 
in Eig. 18-30, and 1s called an acfion pofenfial. ÀAs can be seen, the potential 
1ncreases Írom a resting potential of about —70mV and becomes a posIfIve 
30 mV or 40mV. The action potential lasts for about 1 ms and travels down an 
axon with a speed of 30 m/s to 150 m/s. When an action potential is stimulated, 
the nerve 1s said to have “fired.” 

'What causes the action potential2 At the point where the stimulus occurs, the 
membrane suddenly alters 1ts permeability, becoming much more permeable to 
Na" than to K” and CT” lons. Thus, Na” lons rush into the cell and the inner surface 
of the wall becomes positively charged, and the potential difference quickly swings 
pOosttive (# +30 mV in Fig. 18-30). Just as suddenly, the membrane returns to 
is original characteristics; it becomes impermeable to Na” and in fact pumps out 
Na" ions. The diffusion of Cl” and K” ions again predominates and the original 
resting potential is restored (—70 mV in Fig. 18-30). 


#This transport mechanism is sometimes referred to as the “sodium pump.” 
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Point of stimulation 


'What causes the action potential to travel along the axon? The action potential Exterior '\i tu 
OCCurs at the poïnt of stimulation, as shown 1n Hg. 18—31a. The membrane momen- 111111 ——¬ 
tarily is positive on the inside and negaftive on the outside at this point. Nearby (a) l 1-3 "Tnerior  — ị 
charges are attracted toward this region, as shown 1n FEig. 18—31b. The potential =.. 
in these adjacent regions then drops, causing an action potential there. Thus, as paReoiicolhr si nh :âh si0a in gã si ii sâu 
the membrane returns to normal at the original poimt, nearby 1t experlences an "5... 
action potential, so the action potential moves down the axon (Figs. 18-31c and d). lưng .= : ¬ 

You may wondker ïf the number of ions that pass through the membrane would TH nnnnnnnaaaan 
sipnificantly alter the concentrations. The answer is no; and we can show why (and & TH nan 

€ = s 


again show the power and usefulness of physics) by treating the axon as a capacitor 
as we do in Search and Learn Problem 8 (the concentration changes by less than 


1 part in 10!). 


Summary 


An electric baf(ery serves as a source of nearly constanf poten- 
tial difference by transforming chemical energy In(o electric 
energy. A simple battery consists of two electrodes made of 
different metals Immersed ïn a solution or paste known as an 
electrolyte. 

Electric current, !/, refers to the rate of flow of electric 
charge and 1s measured in amperes (A): 1 A equals a flow of 
1 C/s past a gIven point. 

The direction of convenfional current 1s that of posifive 
charge flow. In a wire, it is actually negatively charged elec- 
trons that move, so they flow in a direction opposite to the 
convenfional current. A positive charge flow In one direction 1s 
almost always equivalent to a negative charge flow in the 
Oopposite direction. Positive conventional current always flows 
from a high potential to a low potential. 

The resistance # of a device 1s defined by the relation 

ƒ = IR, (18-2) 
where 7 is the currenf in the device when a potential diference V 
1s applied across It. For materials such as metals, Ñ 1s a constanft 
independent of W (thus 7 œ W), a result known as Ohm°s law. 
Thus, the current ƒ coming from a battery of voltage W depends 
on the resistance ® of the circuit connected to 1t. 

Voltage 1s applied across a device or between the ends of a 
wire. Currenft passes /rough a wire or device. Resistance 1s a 
property øƒthe wire or device. 

The unit of resistance 1s the ohm (O), where 1 Ó = 1 V/A. 
See Table 18-3. 


TABLE 18-3 Summary of Units 


Current 1A =1G»s 
Potential difference 1V=11/C 
Power 1W=11/s 
Resistance 1O=1V/A 


The resistance of a wire 1s Inversely proportional to 1s 
cross-sectional area 4, and directly proportional to 1ts length £ 
and to a property of the material called 1ts resistIvity: 
pl 
A 
The resisfivify, p, Increases with temperature for metals, but for 
semiconductors 1t may decrease. 

The rate at which energy 1s transformed in a resistance 
from electric to other forms of energy (such as heat and light) 


R= (18-3) 


++++~T+++trrtrtưrr. 
E ————— 

EU S0n c0 noi g0 xin 
(0 = ——= 


Action potential moving right 
FIGURE 18-31 Propagation of action 
potential along axon membrane. 


1s equal to the product of current and voltage. That 1s, the power 
transformed, measured In waftts, 1s øiven by 


P = DJ, (18-5) 
which for resistors can be written as 
V7 
P = ÏR = —- 18-6 
R (8-6) 


The SI unit of power is the waff (1W = 11/5). 

The total electric energy transformed ïn any device equals 
the product of the power and the time during which the device 
1s operated. In SI units, energy 1s given in joules (1 J = 1W-$), 
but electric companies use a larger unit, the kilowaft-hour 
(1kWh = 3.6 x 1051). 

Electric current can be direcf current (de), in which the 
current ¡1s s(eady in one direction; or it can be al(ernating 
currenf (ae), in which the current reverses direction at a particular 
frequency ƒ, typically 60 Hz. Alternating currents are typIcally 
sinusoidal in time, 


(18-7b) 


where œ = 27rƒ, and are produced by an alternating voltage. 
The rms values of sinusoidally alternating currents and 
voltages are øIven by 


l = Issnơi, 


b Wụ 
mạ; = 4⁄2 and W¡ms = Xí. 
respecfively, where 7 and Vọ are the peak values. The power 
relationship, P = IV = I^R = V?/R, is valid for the average 
power in alternating currents when the rms values of W and 7 
are used. 

[The current in a wire, at the microscopic level, is consid- 
ered to be a slow drift yelocify of electrons, Ý¡. The current Ï 1s 
øIven by 


(18-8) 


I = neAoa, (18-10) 


where ø 1s the number of free electrons per unit volume, £ 1s 
the magnitude of the charge on an electron, and A 1s the cross- 
sectional area of the wire.] 

[fAt very low temperatures certain materials become 
superconducting, which means their electrical resistance 
becomes Zero.] 

[The human nervous system operates via electrical con- 
duction: when a nerve “fires,” an electrical signal travels as a 
voltage pulse known as an aefion potential.] 
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 Questions 


1. 


'When an electric cell is connected to a circuit, electrons flow 
away from the negative terminal in the circuit. But within 
the cell, electrons flow ø the negative terminal. Explain. 


„ When a flashlight is operated, what 1s being used up: bat- 


tery current, battery voltage, battery energy, battery DOWer, 
or baftery resistance? Explain. 


‹ What quantity 1s measured by a battery rating given In 


ampere-hours (A -h)? Explain. 


‹ Can a copper wire and an aluminum wire of the same 


length have the same resistance? Explain. 


. One terminal of a car battery 1s said to be connected to 


“pround.” Since It is not really connected to the ground, 
what 1s meant by this expression? 


. The equation P = V?/Rindicates that the power dissipated 


1n a resistor decreases 1Ÿ the resistance 1s Increased, whereas 
the equation P = /R implies the opposite. Is there a 
confradiction here? Explain. 


.. What happens when a liphtbulb burns out? 
- Ifthe resistance of a small immersion heater (to heat water 


for tea or soup, Elg. 18—32) was Increased, would 1t speed up 
or slow down the heating process? Explain. 


FIGURE 18-32 
Question 8. 
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T a rectangular solid made of carbon has sides of lengths a, 
2a, and 3a, to which faces would you connect the wires 
from a battery so as to obtain (4) the least resistance, (b) the 
øreatesf resistance? 

Explain why lightbulbs almost always burn out Just as they 
are turned on and not after they have been on for some time. 
Which draws more current, a 100-W Iightbulb or a 75-W 
bulb? Which has the hipher resistance? 

Electric power 1s transferred over large distances at very 
hiph voltages. Explain how the high voltage reduces power 
losses in the transmission lines. 

A 15-A fuse blows out repeatedly. Why 1s it dangerous to 
replace this fuse with a 25-A fuse? 

'When electric lighfs are operated on low-frequency ac (Say, 
5 Hz), they flicker noticeably. Why? 

Driven by ac power, the same electrons pass back and 
forth through your reading lamp over and over again. 
Explain why the lipht stays lit Instead of going out after the 
fñirst pass of electrons. 

The heating element In a toaster is made of Nichrome wire. 
Immediately after the toaster 1s turned on, is the current 
magnitude (/rm;) in the wire increasing, decreasing, or staying 
constant? Explain. 

Is current used up in a resistor? Explain. 

Why 1s it more dangerous to turn on an electric appliance 
when you are standing outside In bare feet than when you 
are inside wearing shoes with thick soles? 

Compare the drift velocities and electric currenfs in twOo 
wires that are øeometrically identical and the density of 
atoms 1s similar, but the number of free electrons per atom 
1n the material of one wire 1s twice that in the other. 

A voltage W ¡1s connected across a wire of length É and 
radius r. How ïs the electron drift speed affected 1f (z) Ê is 
doubled, (0) r ¡is doubled, (c) W is doubled, assuming in 
cach case that other quantifies stay the same? 


 MisConceptual Questions 


1. 


'When connected to a battery, a lightbulb glows briphtly. If 
the batfery 1s reversed and reconnected to the bulb, the bulb 
wIll glow 

(4) brighter. 
(5) dimmer. 


(c) with the same brightness. 
(đ) not at all. 


„ When a batfery 1s connected to a liphtbulb properly, cur- 


rent flows through the liphtbulb and makes 1t glow. How 
much current flows through the battery compared with the 
liphtbulb? 

(a) More. 

(b) Less. 

(c) The same amount. 

(đ) No current flows through the battery. 


._ Which of the following statements about Ohm's law 1s true? 


(z) Ohm law relates the current throuph a wire to the 
voltage across the WIre. 

(5) Ohms law holds for all materials. 

(c) Any material that obeys Ohm”s law does so 
independently of temperature. 

(4) Ohm* law ïs a fundamental law of physics. 

(e) Ohm* law is valid for superconductors. 
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4. 


6. 


Electrons carry energy from a battery to a liphtbulb. What 
happens to the electrons when they reach the lightbulb? 
(a) The electrons are used up. 

(b) The electrons stay in the lightbulb. 

(c) The electrons are emitted as light. 

(4) Fewer electrons leave the bulb than enter it. 

(£) None of the above. 

Where In the circuit of Fig. 18—33 
1s the current the largest, (2). (b), 
(c), or (đ)? Or (e) it is the same 
at all points? 


FIGURE 18-33 
MisConceptual Question 5. 


'When you double the øolage across a certain material or 

device, you observe that the cuzrenf increases by a factor 

of 3. What can you conclude? 

(a) Ohm law is obeyed, because the currenf Increases 
when V Increases. 

(5) Ohm law is not obeyed In this case. 

(c) This situation has nothing to do with Ohm”s law. 


7. When current flows through a resIstOr, 


8. 


(2) some of the charge 1s used up by the resistOr. 
(b) some of the current is used up by the resistOr. 
(c) Both (z) and (0) are true. 

(đ) Neither (z) nor (ð) 1s true. 


The unit kilowatt-hour 1s a measure of 

(2) the rate at which enersy 1s transformed. 
(b) power. 

(c) an amount of energy. 

(4) the amount of power used per second. 


9. Why mipht a circuit breaker open If you plug too many 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


electrical devices into a single circu1t? 

(z) The voltage becomes too hiph. 

(b5) The current becomes too hiph. 

(c) The resistance becomes too hiph. 

(4) A circuit breaker will not “trip” no matter how many 
electrical devices you plug Iinto the circuit. 


10. 


11. 


Nothing happens when birds land on a power line, yet we 
are warned not to touch a power line with a ladder. What 
1s the difference? 

(a) Birds have extremely hiph internal resistance 
compared to humans. 

(b) There ïs little to no voltage drop between a bird”s two 
feet, but there is a significant voltage drop between 
the top of a ladder touching a power line and the 
bottom of the ladder on the ground. 

(c) Dangerous current comes from the ground only. 

(đ) Most birds donˆt understand the situation. 

'When a light switch 1s turned on, the light comes on imme- 

điately because 

(a) the electrons coming from the power source move 
through the initially empty wires very fast. 

(5) the electrons already In the wire are Instantly “pushed” 
by a voltage difference. 

(c) the lightbulb may be old with low resistance. It would 
take longer If the bulb were new and had high 
Tesistance. 

(đ) the electricity bill 1s paid. The electric company can 
make 1t take longer when the bill 1s unpaid. 


G) 


| Problems 


18-2 and 18-3 Electric Current, Resistance, Ohms Law 
(Noie: The charge on one electron is 1.60 < 1012.) 


Í. ()A current of 1.60A flows in a wire. How many elec- 


2. 


FIGURE 18-34 
Problem 8. 


. 


trons are flowing past any point In the wire per second? 

(D A service station charges a battery using a current of 
6.7 A for 5.0h. How much charge passes through the battery? 
(D What is the current in amperes if 1200 Na" ions flow 
across a cell membrane in 3.1/s? The charge on the 
sodium is the same as on an electron, but posItIve. 


. ( What is the resistance of a toaster If 120V produces a 


current of 4.6 A? 


. () What voltage will produce 0.25 A of current through a 


4800-Ó resistor? 


. () How many coulombs are there in a 75 ampere-hour car 


battery? 


. (H) (z) What is the current in the element of an electric 


clothes dryer with a resistance of 8.6 Q when If is connected 
to 240V? (b) How much charge passes through the ele- 
ment in 50 min? (Assume directf current.) 

(H) A bird stands on a dc electric transmission line carrying 
4100 A (Fig. 18-34). The line has 2.5 < 10 Š O resistance 
per meter, and the bird”s feet are 4.0 cm apart. What 1s the 
potential difference between the bird”s feet? 
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11. 


(T) A haïr dryer draws 13.5 A when plugsed into a 120-V 
line. (2) What 1s 1s resistance? (b) How much charge 
passes throuph ¡ft in 15 min? (Assume direct current.) 


(H) A 4.5-V battery is connected to a bulb whose resistance 
1s 1.3 O2. How many electrons leave the battery per minute? 


(T) An electric device draws 5.60 A at 240V. (a) If the 
voltage drops by 15%, what will be the current, assuming 
nothing else changes? (b) If the resistance of the device were 
reduced by 15%, what current would be drawn at 240 V2 


18-4 Resistivity 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


(D What is the diameter of a 1.00-m length of tungsten 
wire whose resistance 1s 0.32 2 


(D What ¡is the resistance of a 5.4-m length of copper wWire 
1.5 mm in diameter? 


(I) Calculate the ratio of the resistance of 10.0 m of alu- 
minum wire 2.2 mm in diameter, to 24.0 m of copper Wire 
1.8 mm in diameter. 


(II) Can a 2.2-mm-diameter copper wire have the same 
Tesistance as a tungsten wire of the same length? Give numer- 
1cal detalls. 


(I) A certain copper wire has a resistance of 15.0. At 
what point along i(s length must the wire be cut so that the 
resistance of one plece is 4.0 times the resistance of the 
other? What is the resistance of each piece? 


(II) Compute the voltape drop along a 21-m length of 
household no. 14 copper wire (used ¡in 15-A circuits). The 
wIre has diameter 1.628 mm and carries a 12-A current. 


(H) Two aluminum wires have the same resistance. If one has 
twice the length of the other, what ¡is the ratio of the diameter 
of the longer wrre to the diameter of the shorter wIre? 


Problems B5Z2† 


19. (II) A rectangular solid made of carbon has sides of lengths 
1.0 cm, 2.0 cm, and 4.0 cm, lying 
along the x, y, and z axes, 
respectively (Fig. 18-35). 
Determine the resistance for 
current that passes throuph 
the solid in (2) the x direc- 
tion, (ð) the y direction, 
and (c) the z direction. 
Assume the resistIvity 1s 
p= 30 x 100-m. 


M 


FIGURE 18-35 
Problem 19. 


20. (II) A length of wrre is cut in half and the two lengths are 
wrapped together side by side to make a thicker wire. How 
does the resistance of this new combination compare to the 
resistance of the original wire? 


21: (II) How much would you have to raise the temperature of 
a copper wire (originally at 20°C) to increase Ifs resistance 
by 12%? 

22. (II) Determine at what temperature aluminum wIll have 
the same resistivity as tungsten does at 20°C. 


23. (II) A 100-W lightbulb has a resistance of about 12 Ö when 
cold (20°C) and 140 O when on (hot). Estimate the tem- 
perature of the filament when hot assuming an averasøe 
temperature coefficient of resistivity œ = 0.0045 (C°)'†, 


24. (LII) A length of aluminum wire is connected to a precision 
10.00-V power supply, and a current of 0.4212 A 1s precisely 
measured at 23.5°C. The wire 1s placed in a new environment 
of unknown temperature where the measured current is 
0.3818 A. What ¡is the unknown temperature? 


25. (IH) For some applications, 1t is important that the value 
Of a resistance not change with temperature. For example, 
Suppose you made a 3.20-kQ resistor from a carbon resIstOr 
and a Nichrome wire-wound resistor connected together so 
the total resistance 1s the sum of their separafte resIstances. 
'What value should each of these resistors have (at 0°C) so 
that the combination 1s temperature independent? 


26. (II) A 10.0-m length of wire consists of 5.0 m of copper 
followed by 5.0m of aluminum, both of điameter 1.4 mm. 
A voltage difference of 95 mV ¡s placed across the composife 
wire. (2) What ¡s the total resistance (sum) of the two wires? 
(b) What ¡s the current through the wire? (c) What are the 
voltages across the aluminum part and across the copper part? 


18-5 and 18-6 Electric Power 


27. (1 What is the maximum power consumption of a 3.0-V port- 
able CD player that draws a maximum of240 mA of current? 


28. (1) The heating element of an electric oven 1s designed to 
produce 3.3 kW of heat when connected to a 240-V source. 
'What must be the resistance of the element? 


29. (1) What is the maximum voltage that can be applied across 
a 3.9-kO resistor rated at ‡ watt? 


30. (I) (a) Determine the resistance of, and current through, 
a 75-W lightbulb connected to 1ts proper source voltage of 
110 V. (5) Repeat for a 250-W bulb. 
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3í. ( An electric car has a battery that can hold 16 kWh of 
energy (approximately 6 < 107 ]). If the battery is designed 
to operate at 340 V, how many coulombs of charge would 
need to leave the battery at 340 V and return at 0 V to equal 
the stored energy of the battery? 

32. ( An electric car uses a 45-kW (160-hp) motor. If the bat- 
tery pack 1s designed for 340 V, what current would the motor 
necd to draw from the battery? Neglect any energy losses 
1n getting energy from the battery to the motOr. 

33. (II A 120-V haiïr dryer has two settinss: 950W and 1450 W. 
(2) At which setting do you guess the resistance to be higher? 
After making a guess, determine the resistance at (5) the 
lower setting, and (c) the higher setting. 

34. (II) A 12-V battery causes a current of 0.60 A through a 

resIstor. (2) What 1s its resistance, and (5) how many joules 

of energy does the battery lose In a minute? 

(T) A 120-V fish-tank heater is rated at 130W. Calculate 

(a) the current through the heater when ït 1s operating, and 

() its resistance. 

(IH) You buy a 75-W Iightbulb in Europe, where electricity 

1s delivered at 240 V. If you use the bulb in the United States 

at 120 V (assume its resistance does not change), how bright 
wIll it be relative to 75-W 120-V bulbs? [Hmr: Assume 
roughly that brightness is proportional to power consumed.] 
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37. (II How many kWh of energy does a 550-W toaster use in 
the morning 1Ý If 1s in operation for a total of 5.0 min? At a 
cost of 9.0 cents/kWh, estimate how much this would add 
to your monthly electric energy bill IÏ you made toast four 
mornings per week. 

(I) At $0.095/kWh, what does it cost to leave a 25-W 
porch light on day and night for a year? 

39. (II) What ¡is the total amount of energy stored in a 12-V, 
65 A-h car battery when it is fully charged? 

(HH) An ordinary flashlight uses two D-cell 1.5-V batteries 
connected in series to provide 3.0 V across the bulb, as in 
Fig. 18—4b (Fig. 18—36). The bulb draws 380 mA when turned 
on. (2) Calculate the resistance of the bulb and the power dis- 
sipated. (5) By what factor would the power Increase If four 
D-cells in serles (total 6.0 V) were used with the same bulb? 
(Ñeglect heating effects of the filament.) Why shouldn”t you 
try this? 


38 


40 


FIGURE 18-36 
Problem 40 
(X-ray ofa 
flashlight). 


4í. (II) How many 75-W lightbulbs, connected to 120 V as in 
Fig. 18-20, can be used without blowing a 15-A fuse? 

42. (II) An extension cord made of two wires of diameter 
0.129 cm (no. 16 copper wire) and of length 2.7m (9 ft) is 
connected to an electric heater which draws 18.0 A on a 
120-V line. How much power Is dissipated in the cord? 

43. (II) You want to desien a portable electric blanket that runs 
on a 1.5-V battery. IÝ you use a 0.50-mm-diameter copper 
wire as the heating element, how long should the wire be If 
you want to generate 18W of heating power? What happens 
1ƒ you accidentally connect the blanket to a 9.0-V battery? 


44. 


45 


4ó. 


(I A power station delivers 750 kW of power at 12,000 V 
to a factory throuph wires with total resistance 3.0 Ó. How 
much less power 1s wasted 1 the electricity 1s delivered at 
50,000 V rather than 12,000 V? 

(HI) A small immersion heater can be used in a car to heat a 
cup of water for coffee or tea. If the heater can heat 120 mL, 
of water from 25°C to 95°C ¡in 8.0 min, (2) approximaftely 
how much current does It draw from the car”s 12-V battery, 
and (5) what is its resistance? Assume the manufacturer”s 
claim of 85% efficieney. 

(IT) The current in an electromagnet connected to a 240-V 
line ¡s 21.5 A. At what rate must cooling water pass Over 
the coils for the water temperature to rise no more than 
6.50 C°? 


18-7 Alternating Current 


47. 
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51. 


5. 
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(D Calculate the peak current in a 2.7-kO resistor connected 
to a 220-V rms ac source. 

(Ð An ac voltage, whose peak value 1s 180 V, is across a 310-Ó, 
resistor. What are the rms and peak currents in the resistor? 
(II) Estimate the resistance of the 120-Vrms CirCu1fs In yOur 
house as seen by the power company, when (4) everything 
electrical is unplugsed, and (b) two 75-W lightbulbs are on. 
(I) The peak value of an alternating current in a 1500-W 
device 1s 6.4 A. What 1s the rms voltage across 1t? 

(H) An 1800-W arc welder 1s connected to a 660-Vrms ac line. 
Calculate (2) the peak voltage and (b) the peak current. 
(II) Each channel of a stereo receiver is capable of an 
averase power output of 100W into an 8-© loudspeaker 
(see Eig. 18-14). What are the rms voltage and the rms 
current fed to the speaker (2) at the maximum power of 
100W, and (0) at 1.0W when the volume 1s turned down? 
(H) Determine (2) the maximum instantaneous power dissi- 
pated by a 2.2-hp pump connected to a 240-Vrms ac pOWer 
source, and (5) the maximum current passing throueh the pump. 


s4. 


(H) A heater coil connected to a 240-V,ms ac line has a 
resistance of 38 Q. (z) What ¡s the average power used? 
(b) What are the maximum and minimum values of the 
1nstanfaneous power? 


*18-8 Microscopic View of Electric Current 


*SS. 


*56. 


MST. 


(I) A 0.65-mm-diameter copper Wire carries a tiny dc 
current of 2.7 „A. Estimate the electron drift velocIty. 

(HI) A 4.80-m length of 2.0-mm-diameter wire carrles a 
750-mA dc current when 22.0 mV 1s applied to 1ts ends. If the 
drift velocity is 1.7 < 10” m/s, determine (2) the resistance 
of the wire, (b) the resistivity p, and (c) the number 7 of 
free electrons per unit volume. 

(II) At a point high in the Earth's atmosphere, He?” ions 
in a concentration of 2.4 < 10!2/mỶ are moving due north 
at a speed of 2.0 < 10®m/s. Also, a 7.0 x 10!!/m con- 
centration of O2; Ions is moving due south at a speed of 
6.2 x 10 m/s. Determine the magnitude and direction of 
the net current passing through unit area (A/m?). 


*18-10 Nerve Conduction 


*s8. 
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( What is the magnitude of the electric field across an 
axon membrane 1.0 < 10” m thiek if the resting potential 
1s —70mV? 

(HT) A neuron ïs stimulated with an electric pulse. The action 
potential is detected at a point 3.70cm down the axon 
0.0052 s later. When the action potenftial is detected 7.20 cm 
from the point of stimulation, the time required 1s 0.0063 s. 
'What is the speed of the electric pulse along the axon? (Why 
are fwo measurements needed instead of only one?) 

(HI) During an action potential, Na” lons move into the 
cell at a rate of about3 < 10” mol/mỶ-s. How much power 
must be produced by the “active Na” pumping” system to 
produce this flow against a +30-mV potential difference? 
Assume that the axon 1s 10 cm long and 20 m In diameter. 


| General Problems 


61. 


62. 


A person accidentally leaves a car with the lights on. If each 
of the two headlights uses 40W and each of the two taillights 
6W, for a total of 92W, how long wIll a fresh 12-V battery 
last 1Ý ït 1s rated at 75 A-h? Assume the full 12V appears 
across each bulb. 


A sequence of potential differences V is applied across 
a wire (diameter = 0.32mm, length = 11cm) and the 
resulting currenfs 7 are measured as follows: 


0.100 
72 


0.200 
142 


0.300 
218 


0.400 
290 


0.500 
357 


Y(V) 
1(mA) 


(2) If this wire obeys Ohms law, graphing 7 vs. V will result 
1n a straight-line plot. Explain why this is so and determine 
the theoretical predictions for the straight line”s slope and 
y-intercept. (b) Plot 7 vs. V. Based on this plot, can you 
conclude that the wire obeys Ohm'”s law (I.e., did you 
obtain a straight line with the expected y-intercept, within 
the values of the significant figures)? Tf so, determine the 
WIre”s resistance #. (c) Calculate the wire”s resistivity and 
use Table 18—1 to identify the solid material from which 1t 
1S composed. 


63. 
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617. 


'What Is the average current drawn by a 1.0-hp 120-V motor? 
(1hp = 746W.) 

The conductance Ở of an object 1s defined as the reciprocal 
of the resistance Ñ; that is, Œ = 1/Ñ. The unit of con- 
ductance 1s a 7o (= ohm }), which 1s also called the 
siemens (S). What is the conductance (in siemens) of an 
obJect that draws 440 mA of current at 3.0 V2 

The heating element of a 110-V, 1500-W heater 1s 3.8 m long. 
TỶ it is made ofiron, what must 1ts diameter be? 

(2) A particular household uses a 2.2-kW heater 2.0 h/day 
(*on” time), four 100-W lightbulbs 6.0h/day, a 3.0-kW 
electric stove element for a total of 1.0 h/day, and miscel- 
laneous power amounting to 2.0kWh/day. If electricity 
costs $0.115 per kWh, what will be their monthly bill (30 d)? 
(b) How much coal (which produces 7500 kcal/kg) must be 
burned by a 35%-efficient power plant to provide the yearly 
needs of this household? 

A small city requires about 15 MW ofpower. Suppose that 
1nstead of using high-voltage lines to supply the power, the 
power is delivered at 120V. Assuming a two-wire line of 
0.50-cm-diameter copper wire, estimate the cost of the 
energy lost to heat per hour per meter. Assume the cost of 
electricity 1s about 12 cents per kWh. 
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72. 


Ty 


74. 


V 


76. 


PB 


78. 


Tây 


80. 


A 1600-W haïr dryer is designed for 117 V. (a) What will be 
the percentage change 1n power oufput 1f the voltage drops 
to 105 V? Assume no change ïn resistance. (b) How would 
the actual change In resistivity with temperature affect your 
answer? 


The wiring in a house must be thick enouph so it does nof 
become so hot as to start a fire. What diameter must a 
COpper wire be ï It 1s to carry a maximum current of 35 A 
and produce no more than 1.5 W of heat per meter of length? 


Determine the resistance of the tungsten filament In a 
75-W 120-V incandescent lightbulb (ø) at ifs operating tem- 
perature of about 2800 K, (5) at room temperature. 


Suppose a current is given by the equation ƒ = 1.40 sin 210, 
where 7 is in amperes and / in seconds. (2) What 1s the 
frequency? (5) What is the rms value of the current? (c) If 
this 1s the current through a 24.0-Ó resistor, write the 
equation that describes the voltage as a function of time. 


A microwave oven running at 65% efficiency delivers 950 W 
to the interior. Find (2) the power drawn from the source, 
and (?) the current drawn. Assume a source voltase of 120 V. 


A 1.00-O wrre 1s stretched uniformly to 1.50 times 1S OrIg1- 
nal length. What is Its resistance now? 


220V 1s applied to two đifferent conductors made of the 
same material. One conductor 1s fwice as long and twice 
the đdiameter of the second. What 1s the ratio of the power 
transformed In the first relative to the second? 


An electric power plant can produce electricity at a fixed 
power ?, but the plant operator 1s free to choose the volt- 
age V at which it is produced. Thịs electricity is carried as an 
electric current 7 through a transmission line (resistance #) 
from the plant to the user, where 1t provides the user 
with electric power P'. (z) Show that the reduction in 
power AP = P~ P' due to transmission losses 1s øIven by 
AP = P”R/V}. (b) In order to reduce power losses during 
transmission, should the operator choose V to be as large 
or as small as possIble? 


A 2800-W oven 1s connected to a 240-V source. (2) What 1s 
the resistance of the oven? (5) How long will it take to 
bring 120mL of 15°C water to 100°C assuming 65% 
efficiency? (c) How much wIll this cost at 11 cents/KWRh? 


A proposed electric vehicle makes use of storaøe batferies 
as 1S sOurce of energy. It is powered by 24 batterles, each 
12V, 95A-h. Assume that the car 1s driven on level roads at 
an average speed of 45 km/h, and the average friction force 
1s 440N. Assume 100% efficiency and neglect energy used 
for acceleration. No energy 1s consumed when the vehicle 1s 
stopped, since the engine doesn”t need to idle. (2) Determine 
the horsepower required. (b) After approximately how many 
kilometers must the batteries be recharged? 


A 15.2-O resistor 1s made from a coil of copper wire whose 
total mass 1s 15.5 ø. What Is the diameter of the wire, and 
how long 1s 112 

A fish-tank heater 1s rated at 95W when connected to 
120V. The heating element 1s a coil of NÑichrome wrre. 
When uncoiled, the wire has a total length of 3.5m. What 
1s the diameter of the wire? 

A 100-W, 120-V liphtbulb has a resistance of 12 when 
cold (20°C) and 140 O when on (hot). Calculate 1ts power 
consumption (2) at the instant it is turned on, and () after 
a few moments when It 1s hot. 
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In an automobile, the system voltape varles from about 
12 V when the car 1s off to about 13.8 V when the car 1s on 
and the charging system 1s in operation, a difference of 
15%. By what percentage does the power delivered to the 
headlights vary as the voltage changes from 12 V to 13.8 V2 
Assume the headlight resistance remains constant. 

A tungsten filament used in a flashlipht bulb operates at 
0.20 A and 3.0 V. If is resistance at 20°C ïs 1.5 O, what 1s 
the temperature of the filament when the flashlight 1s on? 
Liphtbulb A 1s rated at 120 V and 40W for household appli- 
cations. Liphtbulb B ¡s rated at 12 V and 40W for automotIve 
applications. (2) What is the current through each bulb? 
(b) What is the resistance of each bulb? (c) In one hour, 
how much charge passes through each bulb? (đ) In one 
hour, how much energy does each bulb use? (e) Which bulb 
requires larger diameter wires to connect 1{S DOWer SOUrce 
and the bulb? 

An arr conditioner draws 18 A at 220-V ac. The connecting 
cord is copper wire with a diameter of 1.628 mm. (2) How 
much power does the air conditioner draw? (0) If the length 
of the cord (containing two wires) is 3.5 m, how much DOWeT IS 
dissipated in the wiring? (c) If no. 12 wire, with a diameter 
of 2.053 mm, was used Instead, how much power would be 
dissipated in the wiring? (đ) Assuming that the air condi- 
tioner ¡is run 12h per day, how much money per month 
(30 days) would be saved by using no. 12 wire? Assume 
that the cost of electricity 1s 12 cents per kWh. 

An electric wheelcharr is designed to run on a single 12-V 
battery rated to provide 100 ampere-hours (100 A-h). 
(a) How much energy ¡s stored in this battery? (b) If the 
wheelchair experlences an averaøe total retarding force 
(mainly friction) of210N, how far can the wheelchair travel 
on one charge? 

TỶ a wire Of resistance ® 1s stretched uniformly so that 1s 
length doubles, by what factor does the power dissipated 
1n the wire change, assuming 1t remains hooked up to the 
same voltage source? Assume the wires volume and density 
remain constant. 

Copper wire of diameter 0.259 cm ¡s used to connect a set 
of appliances at 120 V, which draw 1450W of power total. 
(a) What power ¡is wasted in 25.0m of this wire? (5) What 
1S YOUT answer If wire of điameter 0.412 cm is used? 
Battery-powered electricity 1s very expensive compared 
with that available from a wall receptacle. Estimate the 
cost per kWh of (z) an alkaline D-cell (cost $1.70) and 
(b) an alkaline AA-cell (cost $1.25). These batteries can 
provide a continuous current of 25 mA for 820 h and 120h, 
respectively, at 1.5 V. (c) Compare to the cost of a normal 
120-V ac house source at $0.10/KWh. 

A copper pIpe has an Inside diameter of 3.00 cm and an 
outside diameter of 5.00 cm (Eig. 18-37). 
What 1s the Tesis- 3.00 cm 
tance of a 10.0-m 


length of this 
pIpe? 
5.00 cm 
FIGURE 18-37 II 
Problem 89. 
The Tevatron accelerator at Fermilab (IIinois) 1s desiened 


to carry an 11-mA beam of protons (g = 1.6 x 10?) 
traveling at very nearly the speed of light (3.0 < 108 m/s) 
around a ring 6300 m in circumference. How many protons 
are in the beam? 


“ÓT, 


The level of liquid helium (temperature ~ 4 K) in 1fs storage 
tank can be monitored using a vertically aligned niobium— 
titanum (NbTï) wire, whose length £ spans the height of 
the tank. In this level-sensing setup, an electronic circuit 
mainfains a constant electrical current 7 at all times In the 
NbTI wire and a voltmeter monitors the voltage điffer- 
ence V across this wire. Since the superconducting critical 
temperature for NbÏlï ¡is 10K, the portion of the wire 
1mmersed ïn the liquid helium 1s In the superconducting 
state, while the portion above the liquid (in helium vapor 
with temperature above 10 K) is in the normal state. Define 
ƒ = x/F to be the fraction of the tank filled with liquid 
helium (Fig. 18-38) and Vụ to be the value of  when the 
tank is empty (ƒ = 0). Determine the relation between 
ƒand V (in terms of V). 
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FIGURE 18-38 Problem 91. 
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'Why is Ohm's law less of a law than Newton's laws? 

A traditional incandescent lamp filament may have been lIt 
(to a temperature of 2700K. A contemporary halogen 
1ncandescent lamp filament may be at around 2900 K. 
(a) Estimate the percent improvement of the halogen bulb 
over the traditional one. [Hmí: See Section 14-8.] (b) To 
produce the same amount of light as a traditional 100-W 
bulb, estimate what wattage a halogen bulb should use. 
"You find a small cylindrical resistor that measures 9.00 mm 
1n length and 2.15 mm In diameter, and It has a color code 
of red, yellow, brown, and gold. What ¡s the resistor made 
of primarily? 


. Small changes in the length of an object can be measured 


using a sfrain gauge sensor, which 1s a wire that when 
undeformed has length Íọ, cross-sectional area 4g, and 
resistance RÑạ. This sensor 1s rigidly affixed to the object”s 
surface, aligning Its length In the direction in which length 
changes are to be measured. As the obJect deforms, the 
length of the wire sensor changes by A/, and the resulting 
change A R In the sensor”s resistance 1s measured. Assuming 
that as the solid wire is deformed to a length É, its density 
and volume remain constant (only approximately valid), 
show that the strain (= Af/t) of the wire sensor, and 
thus of the object to which 1t 1s attached, 1s approximately 
AR/2Ro. [See Sections 18-4 and 9-5.] 


. An electric heater is used to heat a room of volume 65 mẻ. 


Alr 1s brought Into the room at 5°C and 1s completely 
replaced twice per hour. Heat loss throuph the walls amounfts 
to approximately 850 kcal/h. If the aïr is to be maintained 
at 22”C, what minimum wattage must the heater have? 
(The specific heat of air is about 0.17 kcal/kg-C°. Reread 
parts of Chapter 14 and Section 18-5.) 


ANSWERS TO EXERCISES 


A: 
B: 


C 
D: 
E 


1.6 x 108A. 
3600 C. 


: 240 Ô. 


(b), (c). 


: (€). 


6. 


bI/ˆ 


*8. 


Household wiring has sometimes used aluminium instead of 
copper. (2) Using Table 18—1, find the ratio of the resistance 
Of a copper wire to that of an aluminum wire of the same 
length and diameter. (5) Typical copper wire used for home 
wrring In the U.S. has a diameter of 1.63 mm. What is the 
resistance of 125m of this wire? (c) What would be the 
resistance of the same wire If it were made of aluminum? 
(đ) How much power would be dissipated in each wire I it 
carried 18 A of current? (e) What should be the diameter 
of the aluminum wire for 1t to have the same resistance 
as the copper wire? (ƒ) In Section 18-4, a statement 1s 
made about the resistance of copper and aluminum wires 
of the same weight. sing Table 10—1 for the densitles of 
copper and aluminum, find the resistance of an aluminum 
wire of the same mass and length as the copper wire In 
part (b). Is the statement true? 


How far can an average electron move along the wires OÝ a 
650-W toaster during an alternating current cycle? The 
power cord has copper wires of diameter 1.7mm and 1s 
plugged into a standard 60-Hz 120-V ac outlet. [Hnr: The 
maximum current in the cycle 1s related to the maximum 
drift velocity. The maximum velocity in an oscillation 1s 
related to the maximum displacement; see Chapter 11.] 


Capacifance of an axon. (2) Do an order-of-magnitude esti- 
mate for the capacitance of an axon 10 cm long of radius 
10m. The thickness of the membrane is about 10 Šm, 
and the dielectric constant 1s about 3. (5) By what factor 
does the concentration (number of ions per volume) of Ña” 
1ons In the cell change as a result of one action potential? 


110m. 
(4). 


: 370,000 kg, or about 5000 people. 


(e) 40. 
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Thịs cell phone has an attachment that measures a person”s blood sugar level, and plots it over a perlod 
of days. AlI electronic devices contain circuits that are dc, at least in part. The circuit điapram below 
shows a possible amplifier circuit for an audio output (cell 

phone ear piece). We have already met two of the circuIt 


elements shown: resIstors and capacitors, and we discuss them 
1n circuifs in this Chapter. (The large triangle is an amplifier 
chip containing transistors.) We also discuss how voltmeters 
and ammeters work, and how measurements affect the 


quantity being measured. 


Input to 2.2 LF 
cach 
channel 
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SỐ 


DC C1rcuit(s 


CHAPTER-OPENING QUESTION——Guess now! 


The automobile headlight bulbs 8b 
shown 1n the circuits here are 
1dentical. The battery connectfion 
which produces more lipht 1s 
(a) circuit 1. 
(b) circuit 2. 
(c) both the same. 
(đ) not enough information. 


Circuit Í Circuit 2 


lectric circuIts are basic parts of all electronic devices from cell phones and 

TYV sets to computers and automobiles. ScIentific measurements—whether In 

physics, biology, or medicine—make use of electric circuifs. In Chapter 18, 
we discussed the basic principles of electric current. Now we apply these princi- 
ples to analyze dc circuits involving combinations of batterles, resistors, and 
capacitors. We also study the operation of some useful instruments. 

'When we draw a diagram for a circu1t, we represenf batferies, capaciftors, and 
Tesistors by the symbols shown In Table 19—1. Wires whose resistance 1s neglipTble 
compared with other resistance 1n the circuit are drawn as sfraight lines. A ground 
symbol (4L or " may mean a real connecftion to the ground, perhaps via a 
metal pipe, or 1t may mean a common connection, such as the frame OÝ a ca. 

For the most part in this Chapter, except in Section 19—6 on #C circuIfs, we 
wIll be Interesfed In circuifs operating 1n thenr steady state. We won't be looking at a 
circuit at the moment a change 1s made In 1t, such as when a batfery OT T€SISfOT 1S COn- 
nected or disconnected, but only when the currenfs have reached therr steady values. 
TAC circuits that contain only a voltage source and resistors can be analyzed like the dc circuits in this 


Chapter. However, ac circuits that contain capacitors and other circuit elements are more compli- 
cated, and we discuss them in Chapter 21. 


19-1 EME and Terminal Voltage 


To have current ím an electric circuit, we need a device such as a battery or an electric 
generator that transforms one type of energy (chemical, mechanical, or light, for 
example) into electric energy. Such a device is called a source of electromotive force” 
or Of emf. The pofermtial đifference between the terminals of such a source, when 
no current flows to an external circuit, 1s called the emf of the source. The symbol 
1s usually used for emf (don”t confuse 6 with # for electric field), and is unit is volts. 

A baftery 1s not a source of constant current—the current out of a battery &® CAUTION 
Varies according to the resistance 1n the circuit. A battery ¡s, however, a nearÌy Why battery 0oltage isn perfectly 
constant voltage source, but not perfectly constant as we now discuss. For example, Ccoristaní 
1ƒ you start a car with the headlights on, you may notice the headlights dim. This 
happens because the starter draws a large current, and the battery voltase drops below 
1S rated emf as a result. The voltasge drop occurs because the chemical reactions in 
a battery cannot supply charge fast enough to maintain the full emf. Eor one thing, 
charge must move (within the electrolyte) between the electrodes of the baftery, 
and there 1s always some hindrance to completely free flow. Thus, a battery 1tself 
has some resistance, which 1s called 1(s internal resistance; 1 1s usually designated z. 

A real batfery is modeled as 1f1t were a perfect emf ' 1n series with a resIsfOr r, Vụ= 
as shown In Eig. 19—1. Since this resistance r 1s inside the batftery, we can never sepa- 
rafe 1t from the battery. The two points a and bn Eig. 19—1 represent the two 
termmals of the battery. What we measure 1s the ferminal voltage W„„ = V¿ — VỊ. 
'When no current 1s drawn from the battery, the terminal voltage equals the emf, 
which 1s determined by the chemical reactions 1n the battery: Wap = %. However, 
when a current 7 flows from the battery there 1s an Internal drop in voltage 
equal to 7r. Thus the terminal voltage (the actual voltase applied to a circuït) 1s 


Wạp = ®— 1T. [current 7 flows from battery] (19-1) 


terminal voltage  Ì 


For example, 1f a 12-V battery has an Internal resistance of0.1 OÓ, then when 10 A 
flows from the battery, the terminal voltage 1s 12V — (10 A)(0.1) = 11 V. The 
1nternal resistance of a batfery 1s usually small. For example, an ordinary flashlight 
battery when fresh may have an Internal resistance of perhaps 0.05 Ò. (However, as 
1t ages and the electrolyte dries out, the Internal resistance Increases to many ohms.) 


EXAMPLE 19-1 | Battery with internal resistance. A 65.0-Ó resIstor 1s 
connected to the terminals of a battery whose emf 1s 12.0 V and whose 1nternal 
resistance Is 0.5 ©, Eig. 19-2. Calculate (2) the current in the circuit, (b)the FIGURE 19-2 Example 19-1. 


FIGURE 19-1 Diagram for an 
electric cell or battery. 


terminal voltage of the batftery, Wạụ, and (c) the power dissipafed in the resistor R=650Q 
and In the batterys internal resistance z. 
APPROACH We first consider the battery as a whole, which is shownn Fig. 19—2 | 
as an emf % and Internal resistance r between poinfs a and b. Then we apply 
W = TR to the circuit itself. T| a b 
SOLUTION (a) From Edq. 19-1, we have Vậy = S6 — ?r. We apply Ohm's law : $= 
(Eq. 18-2) to this battery and the resistance # of the circut: Vụ, = JÑ. Hence ' 120V 

6=lỪ =IR 
or 6= I(R + r). So 

% 120V 120V 
]= = = = 0.183A. 


R+r 65.00 +0.S0 65.50 
(b) The terminal voltage 1s 
Vay, = % — lr = 12.0V - (0.183A)(05O) = 11.9V. 
(c) The power dissipated in # (Eq. 18—6) 1s 
Pạ = I?R = (0.183A)?(6500) = 218W, 
and mm the battery s resistance 7 1t 1s 
P, = Tˆ? r = (0.183 A3 {050) = 002W. 


The term “electromotive force” is a misnomer—it does not refer to a “force” that is measured in 
newtons. To avoid confusion, we use the abbreviation, emf. 
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FIGURE 19-3 (a) Resistances 
connected in series. (b) Resistances 
could be lightbulbs, or any other 
type Of resistance. (c) Equivalent 
single resistanee #¿q that draws the 
same current: Ñeq = Ñị + Ñ¿ + R¿. 


FIGURE 19-4 (a) Resistances 

connected in parallel. (b) Resistances 

could be lightbulbs. (c) The equivalent 

circuit with ca obtained from Ed. 19-4: 
1 1 1 1 


Re. Rị Rạ R 
lộ Kị 
—> 


(b) 


(c) V 
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Unless stated otherwise, we assume the baftery”s Internal resistance 1s negligTble, 
and the battery voltage g1ven 1s 1s terminal voltage, which we wIll usually write 
as V rather than Wạp. Do not confuse V (italic) for voltage, with V (not Italic) for 
the volt unit. 


19-2 Resistors in Series and in Parallel 


When two or more resistors are connected end to end along a single path as 
shown In Fig. 19—3a, they are said to be connected In series. The resistors could 
be simple resistors as were pictured in Eig. 18-11, or they could be lightbulbs 
(Eig. 19-3b), or heating elements, or other resistive devices. Any charge that 
passes throuph #®¿ in Eig. 19—3a will also pass through #®; and then R;. Hence the 
same current 7 passes through each resistor. (If it did not, this would imply that 
either charge was not conserved, or that charge was accumulating at some point 
1n the circuit, which does not happen ¡n the steady sfate.) 

We let V represent the potential difference (voltage) across all three resistOrs 
in Eig. 19-3a. We assume all other resistance In the circuit can be ignored, so V 
equals the terminal voltage supplied by the battery. We let Wị, W¿, and W: be the 
potential differences across each of the resistors, Ñ¡, Ñ;, and Ñ;:, respectively. 
trom Ohm's law, W = ïÑ, we can write Wị = !Ñ¡, V; = IÑ;, and M; = IÑ:. 
Because the resistors are connected end to end, energy conservation tells us that 
the total voltage V 1s equal to the sum of the voltages across each resIsfOT: 


Vƒ = Vị+ĐW,+ V; = IÑRI + 1IRạ + I1R:. [series] (19-2) 


Now let us determine the equivalent single resistance #.„ that would draw 
the same current ƒ as our combination of three resIstOrs 1n series; see Eig. 19—3c. 
Such a single resistance #,¿ would be related to V by 


ƒ = Tu: 
We cquate this expression with Eq. 19-2, ƒ = !(R, + ÑR; + Ñ;), and find 
(ni CS TU] là dào, LAI, [series] (19-3) 


When we put several resistances in series, the total or equivalenf resistance 
1s the sum of the separate resistances. (Sometimes we call it “net resistance.”) 
Thịs sum applies to any number of resistances 1n series. Note that when you add 
more resistance to the circuit, the current throuph the circuit wIll decrease. For 
example, 1f a 12-V battery 1s connected to a 4-Ó resistor, the current will be 3 A. 
But 1f the 12-V battery 1s connected to three 4-Ó resistors 1n series, the total 
resistance 1s 12 Ô and the current through the entire circuit wIll be only 1 A. 

Another way to connect resistors 1s in parallel, so that the current from the source 
splits into separate branches or paths (Fig. 19—4a). Wiring In houses and buildings 1s 
arranged so all electric devices are in parallel, as we saw in Chapter 18, Eig. 18-20. 
With parallel wiring, 1ƒ you disconnect one device (say, ®¡ in Eig. 19—4a), the cur- 
rent to the other devices 1s not interrupted. Compare fo a series circuit, where 1f 
one đevice (say, Ñ¡ in Eig. 19—3a) is disconnected, the current ¡s stopped to all others. 

In a parallel circuit, Fig. 19-4a, the total current 7 that leaves the battery 
splits Iinto three separate paths. We let /¡, 7;, and ï: be the currents through each 
Of the resistors, #;¡, Ñ;, and R;, respectively. Because electric charge is conserued, 
the current 7 flowing into junction A (where the different wires or conductors 
meet, Fig. 19—4a) must equal the current flowing out of the junction. Thus 

I = l+b+1. [parallel] 
When resistors are connected in parallel, each has the same voltage across 1t. 
(Indeed, any two pomts in a circuit connected by a wire of negligIble resistance 
are at the same potential.) Hence the full voltage of the battery 1s applied to each 
resistor in Eig. 19-4a. Applying Ohm's law to each resistor, we have 
l = K b = Lx and 1 = _ 

Let us now determine what single resistor #¿„ (Eig. 19-4c) will draw the same 


current ƒ as these three resistances in parallel. This equivalent resistance Ñ.„ 
must satisfy Ohm's law too: 
Y 
Ïï =—. 
Ra 
'We now combine the equations above: 
l1 = l+l,+1H, 


V_—V VY Vy 


+—+—: 
Xẹo R¡ ®, R 
'When we divide out the W from each term, we have 
lÌ 1 1 ïl 
= + + : arallell (19-4) 
"Z6. Đột Đuện 


For example, suppose you connect two 4-Ô loudspeakers In parallel to a single 
set Of oufput terminals of an amplifier. The equivalent resistance of the two 4-Ó 
“resistors” in parallel 1s 
..' 1L. 5... 7l 
R 


+ , 
¡ạ 40 40 40 20 


and so c„ = 2 Ô. Thus the net (or equivalenf) resistance 1s /ess than each single 
resistance. This may at first seem surprising. But remember that when you connectf 
resisfors 1n parallel, you are g1ving the current additional paths to follow. Hence 
the net resistance will be less. 

Equations 19—3 and 19—4 make good sense. Recalling Eq. 18—3 for resistivity, 
R = pÍ/A, we see that placing resistors in series effectively inereases the length 
and therefore the resistance; putting resistors in parallel effectively increases the 
area through which current flows, thus reducing the overall resistance. 

Note that whenever a øroup oresistors 1s replaced by the equivalent resistance, 
current and voltage and power In the rest of the circuit are unaffected. 


EXERCISE A You have a 10-Ó and a 15-O resistor. What ¡is the smallest and lareest 
equivalent resistance that you can make with these twO resIstOrs? 


CONCEPTUAL EXAMIPLE 19-2 | Series or parallel? (z) The lightbulbs in 
Fig. 19—5 are identical. Which configuration produces more light? (b) Which way 


do you think the headlights of a car are wired? Ignore change of filament 
resistance Ñ with current. 


RESPONSE (z) The equivalent resistance of the parallel circuit is found from 
Eq. 19-4, 1/Ñ¿¿ = 1/R + 1/R = 2/RÑ. Thus K¿¿ = R/2. The parallel com- 
bination then has lower resistance (= /2) than the series combination 
(R¿¿ = R+ R= 2R). There will be more total current in the parallel configu- 
ration (2), since J = W/Ñ¿¿ and V ¡s the same for both circuits. The total power 
transformed, which 1s related to the light produced, 1s P = 7V, so the greater 
currenf in (2) means more light is produced. 


(b) Headlights are wired in parallel (2), because 1Ý one bulb øgoes out, the other bulb 
can sfay lit. IÝ they were In series (1), when one bulb burned out (the ñlament broke), 
the circuit would be open and no current would flow, so neither bulb would lipht. 


EXERCISEB Return to the Chapter-Opening Question, page 526, and answer 1t 
again now. Try to explain why you may have answered differently the first time. 


TAn analogy may help. Consider two identical pipes taking in water near the top of a dam and releas- 
¡ng 1t at the bottom as shown in the figure to the right. If both pipes are open, rather than only one, 
twice as much water wIll flow through. That is, the net resistance to the flow of water will be reduced 
by half with two equal pipes open, just as for electrical resistors in parallel. 


FIGURE 19-5 Example 19-2. 


(1) Series 


(2) Parallel 
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V=24.0V 
: h Rị 
(a) 
V=24.0V 
l 
Rì ® 
(b) 


FIGURE 19-6 Example 19-3. 


FIGURE 19-7 (a) Circuit for 
Examples 19—4 and 19-5. 

(b) Equivalent circuit, showing the 
equivalent resistance of 290 © for 
the two parallel resistors In (a). 


5s0oo Ï 
— 
a 4009 b : 


a 4009 p_ 2909 2 


(b) 12.0 V 
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EXAMPLE 19-3 | Series and parallel resistors. Two 100-Ó resistors are con- 
nected (2) in parallel, and (5) in serles, to a 24.0-V battery (Fig. 19—6). What is the 
current through each resistor and what 1s the equivalent resistance of each circuit? 
APPROACH We use Ohm law and the ideas just discussed for series and parallel 
connections to get the current in each case. We can also use Eqs. 19—3 and 19-4. 
SOLUTION (a) Any given charge (or electron) can flow through only one or 
the other of the two resistors In Fig. 19—6a. Just as a rIver may break into two 
síreams when going around an 1sland, here too the total current 7 from the 
battery (Fig. 19—6a) splits to flow through each resistor, so 7 equals the sum of 
the separate currents through the t†wO T€SISfOTS: 

Ï = l + b,. 
The potential difference across each resistor 1s the battery voltage W = 24.0 V. 
Applying Ohm's law to each resistOT ø1ves 


240V 240V 
I=h+b= se + = 024A +0.224A = 0.48A. 
R R, 1000 1000 


The equivalent resistance 1s 
WV 240V 
8T 048A 
We could also have obtained this result from Eq. 19-4: 
"A : x L-... .ô.. s4 
đau 1000 1000 1000 509 
so Ra = 50 Ó. 


(b) AII the current that flows out of the battery passes ñirst through ®; and then 
through Ñ; because they lie along a sinple path, Eig. 19—6b. So the current 7 1s 
the same in both resistors; the potential difference W across the battery equals 
the total change In potential across the tWO TesISfOTS: 


R = 500, 


V = Vị+;. 
Ohm' law gives Vƒ = IÑ¡ + 1Ñ; = T(R: + R;). Hence 
]= _ = EÀU = 0.120A. 


Rịi+R 1000 + 1000 
The equivalent resistance, using Eq. 19-3, Is Ñ¿u¿ = Ñị¡ + R; = 2000. Wc 
can also get ¿ạ by thinking from the point of view oŸ the battery: the total 
resistance J.„ must equal the battery voltage divided by the current it delivers: 


V 24.0V 
Áo 1 0.120 A Thuận 
NOTE The voltage across Ñ¡ is Vị = 7/Ñ¿¡ = (0.120 A)(100) = 12.0 V, and that 
across Ñ;1s W2 = JR; = 12.0V, each being half of the battery voltage. A simple 
circuit like Eig. 19—6b 1s thus often called a simple voltage divider. 


EXAMPLE 19-4 | Circuit with series and parallel resistors. How much 
current is drawn from the battery shown In Eig. 19—7a? 


APPROACH The current 7 that flows out of the battery all passes through the 
400-Ó resistor, but then 1t splifs Into 7¡ and ï; passing through the 500-O and 
700-Đ resistors. The latter two resistors are in parallel with each other. We look 
for something that we already know how to treat. So lefs start by finding the 
equivalent resistance, #p, of the parallel resistors, 500 ©Ö and 700 Ò. Then we 
can consider this #p to be 1n series with the 400-Ô resIstor. 

SOLUTION The equivalent resistance, p, of the 500-O and 700-Ó resistors in 
parallel 1s 1 1 1 


= + = 0.00200”1 + 0.0014 1 = 0.00340-1, 
R, 5000 7000 


This is 1/Ñp, so we take the reciprocal to find R›. 


]t 1s a common mistake to forget to take this recIprocal. The units of recIprocal 
ohms, O1, are a reminder. Thus 


1 
Rp= — = 2900, 
0.0034 O1 


Thịs 290 Ô 1s the equivalent resistance of the two parallel resistors, and 1s In serles 

with the 400-Ó resistor (see equivalent circuit, Fig. 19—7b). To find the total equiva- 

lenf resistance #, we add the 400-Ø and 290- resistances, since they are 1n series: 
Ñsạ„ = 4000 + 2900 = 6900. 

The total current flowing from the batftery 1s then 


W 120V 
]= = = 0.0174A + 17mA. 
R¿„ 6900 - 
NOTE Thịs 71s also the current flowing through the 400-Ó resistor, but not through 
the 500-O and 700-Ó resistors (both currents are less——see the next Example). 


EXAMPLE 19-5 ' Current in one branch. What 1s the current 7¡ through the 
500-Ô resistor in Eig. 19—7a? 


APPROACH We need the voltage across the 500-Ó resistor, which 1s the voltage 
between points b and cin Hg. 19—7a, and we call it W,„. Once W¿1s known, we can 
apply Ohm's law, Wƒ = IÑ, to get the current. First we find the voltage across the 
400-Ó resistor, Vay , since we know that 17.4 mA passes throuph it (Example 19-4). 
SOLUTION W,y can be found using Vƒ = 7Ñ: 
Vay, = (0.0174A)(4000) = 70V. 
The total voltage across the network ofTresIstors 1s Wạ„¿ = 12.0 V, so Vỹ must be 
12.0V— 7.0V = 5.0 V. Ohms law gives the current 7¡ through the 500- resistor: 
¡ THỦN, - "`. 
l= 500Q ` 10 <x10^A = 10mA. 
Thịs 1s the answer we wanted. We can also calculate the current 7; through the 
700-Ô resistor since the voltage across If 1s also 5.0 V: 
" 
b = 700 7mA. 
NOTE When ⁄¡ combines with 7; to form the total current 7 (at poïnt c In 
Fig. 19—7a), their sum is 10mA + 7mA = 17mA. This equals the total current 7 
as calculated in Example 19-4, as 1t should. 


Bulb brightness ïn a circuit. The circuit 
in Fig. 19—8 has three identical lightbulbs, each of resistance #. (z) When switch S 
1s closed, how wIll the brightness of bulbs A and B compare with that of bulb C? 
(b) What happens when switch S is opened? se a minimum of mathematics. 


RESPONSE (a) With swi(ch S closed, the current that passes through bulb C must 
spht mto two equal parts when 1t reaches the Junction leading to bulbs A and B 
because the resistance of bulb A equals that of B. Thus, A and B each receive half 
of Cs currenf; A and B will be equally bright, but less bright than C (P = !ZR). 
(b) When the switch S 1s open, no current can flow through bulb A, so it will be 
dark. Now, the same current passes through bulbs B and C, so B and C wIll 
be equally bripht. The equivalent resistance of this circuit (= Ñ + Ñ) ïs preater 
than that of the circuit with the switch closed, so the current leaving the battery 
1s reduced. Thus, bulb C will be dimmer when we open the switch, but bulb B 
will be briphter because 1t øets more current when the switch 1s open (you may 
want to use some mathematics here). 


EXERCISE € A 100-W, 120-V Iightbulb and a 60-W, 120-V lightbulb are connected in 
two đdifferent ways as shown 1n Eig. 19—9. In each case, which bulb glows more brightly? 
lgnore change of filament resistance with current (and temperature). 


Â*CAUTION 


Remember to take the reciprocal 


FIGURE 19-8 Example 19-6, three 
1dentical liphtbulbs. Each yellow 
circle with -W- Inside represents a 
lightbulb and 1ts resistance. 


FIGURE 19-9 Exercise C. 


(a) 


(b) (6owÀ 
“.. 


` ~ 
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(b) $=9.0V 


10.0 @ 


(c) %$=9.0V 


Rq3 = 4.8 L9) 


(d) $=9.0V 


FIGURE 19-10 Circuit for 
Example 19—7, where z is the 
1nternal resistance of the battery. 


FIGURE 19-11 Currents can be 
calculated using Kirchhoffs rules. 


309 h 
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Analyzing a circuit. A 9.0-V battery whose internal resis- 
tance r 1s 0.50 © 1s connected in the circuit shown in Elg. 19—10a. (z) How much 
current is drawn from the battery? (b) What is the terminal voltage of the battery? 
(c) What 1s the current in the 6.0-Ó resistor? 


APPROACH To find the current out of the battery, we first need to determine 
the equivalent resistance #.„ of the entire circuit, including r, whích we do by 
1dentifying and isolating simple series or parallel combinations OŸ TeSIStOrs. 
Once we fnd 7 from Ohm law, ï = '/Ñ¿¿, we get the terminal voltage using 
Vạp = '6 — 1r. For (c) we apply Ohm's law to the 6.0-Ó resIstOT. 

SOLUTION (a) We want to determine the equivalenf resistance of the circuIt. 
But where do we start? We note that the 4.0-Ó and 8.0-O resistors are in parallel, 
and so have an equivalent resistance u¡ gIven by 


1 1 1 3 


+ ° 
Ra 800 400 800) 


SỐ Roai = 2/7. Thís 2/7 Ó 1s in serles with the 6.0-Ó resistor, as shown ïn the 
equivalent circuit of Eig. 19—10b. The net resistance of the lower arm of the 
Circuif 1s then 


Rẹụạa = 600 + 270 = 870, 
as shown in Fig. 19—10c. The equivalent resistance #¿a; of the 8.7-Ó and 10.0-0 
resistances in parallel 1s given by 
1 1 1 


= # = 021071 
Rạœ; 1000 870 


SƠ Ñcq¿ = (1/0.22190 1) = 4.8O. This 4.8 O is in series with the 5.0-O resistor 
and the 0.50-Ó internal resistance of the battery (Fig. 19—-10d), so the total 
equivalent resistance J.„ of the circuitis ¿„ = 4.8 Ó + 5.00 + 0.500 = 10.3 Ó. 
Hence the current drawn 1s 


% 9.0 V 
IẾC = = 087A. 
RÑ¿ 1030 í 


(b) The terminal voltage of the battery 1s 
Vạp = 6 — lr = 90V - (087A)(0500) = 8.6 V. 


(c) NÑow we can work back and get the current in the 6.0-Ó resistor. It must be 
the same as the current through the 8.7 © shown in Fig. 19—-10c (why?). The 
voltage across that 8.7  will be the emf of the battery minus the voltage 
drops across r and the 5.0-O resistor: Wạ; = 9.0V — (0.87 A)(0.500 + 5.00). 
Applying Ohm'”s law, we get the current (call 1t 7”) 

9.0V - (0.87A)(0.500 + 5.00) 


l]' = = 048A. 
87Ø 


Thịs 1s the current through the 6.0- resistor. 


19—3 Kirchhoffs Rules 


In the last few Examples we have been able to find the currenfs In circuifs by com- 
bining resistances In series and parallel, and using Ohms law. This technique can 
be used for many circuits. However, some circuifs are too complicated for that 
analysis. For example, we cannot find the currents in each part of the circuit shown 
1n Fig. 19—11 simply by combining resistances as we did before. 

To deal with complicated circuifs, we use Kirchhoffs rules, devised by G. R. 
Kirchhoff (1824-1887) in the mid-nineteenth century. There are two rules, and they 
are simply convenient applications of the laws of conservation of charge and energy. 


Kirchhoff first rule or junction rule 1s based on the conservation of electric 
charge (we already used ¡t to derive the equation for parallel resistors). It states that 


at any juncfion point, the sum of all currenfs enfering the juncfion musf 
equal the sum of all currenfs leaving the juncfion. 


That 1s, whatever charge øoes In must come out. For example, at the Junction 
pomt an Fig. 19—11, 7; 1s entering whereas 1¡ and 1; are leaving. Thus Kirchhoffs 
junction rule states that l; = !¡ + 1;. We already saw an Instance of this in the 
NOTE at the end of Example 19—5. 

Kirchhoff?s second rule or loop rule 1s based on the conservafion of energy. 
Tt states that 


the sum of the changes in pofenfial around any closed loop of a circuit musf 
be zero. 


To see why this rule should hold, consider a rough analosy with the potenfial energy 
of a roller coaster on 1(s track. When the roller coaster starts from the station, 1t 
has a particular potential energy. As 1t is pulled up the first hill, 1ts pravitatlonal 
pofential energy Increases and reaches a maximum at the top. As It descends the 
other side, 1fs potential energy decreases and reaches a local minimum at the 
bottom of the hill. As the roller coaster continues on 1fs up and down path, 1s poten- 
tial energy øgoes through more changes. But when 1t arrives back at the starting 
ponnt, 1t has exactly as much potential energy as it had when 1t started at this port. 
Another way of saying this 1s that there was as much uphill as there was downhill. 

Similar reasoning can be applied to an electric circuit. We will analyze the circuit 
Of Eig. 19—11 shortly, but first we consider the simpler circuit1n Eig. 19—12. We have 
chosen 1t to be the same as the equivalent cireuit of Fig. 19—7b already discussed. 
The current in this circuit is 7 = (12.0 V)/(690 O) = 0.0174 A, as we calculated ín 
Example 19—4. (We keep an extra digItin 7 to reduce rounding errors.) The positive 
side of the battery, point e in Fig. 19—12a, 1s at a hiph potential compared to 
pomt d at the negative side of the battery. That 1s, point e 1s like the top of a hill 
for a roller coaster. We follow the current around the circuit starting at any poInt. 
We choose to sfart at point d and follow a small positive test charge completely 
around this circuit. As we go, we note all changes In potential. When the test 
charge returns to poimt d, the potential will be the same as when we started (total 
change In potential around the circuit is zero). We plot the changes In potential 
around the circuit in Fig. 19—12b; point d 1s arbitrarily taken as zero. 

As our posifive test charge goes from point d, which 1s the negative or low 
potential side of the battery, to point e, which is the positive terminal (high poten- 
tial side) of the battery, the potential increases by 12.0 V. (Thịs ¡is like the roller 
coaster being pulled up the first hill.) That 1s, 

W¿a = +12.0 V. 
'When our test charge moves from point e to point a, there 1s no change 1n potential 
because there 1s no source of emf and negligible resistance 1n the connecting WIres. 

Next, as the charge passes through the 400-Ô resistor to get to point b, there 
1s a decrease 1n potential of ƒ = 7Ñ = (0.0174 A)(400 O) = 7.0 V. The positive 
test charge 1s flowing “downhIll” since 1t 1s heading toward the negative terminal 
of the battery, as indicated in the graph of Eig. 19—12b. Because this 1s a đecrease 
1n pofential, we use a 0€gaf0e SIET: 

Mẹa = Đb — Vạ = —7.0V. 
As the charge proceeds from b to c there is another potential decrease (a “voltage 
drop”) of (0.0174 A) x (2900) = 5.0 V, and this too 1s a decrease In potential: 
W, = —5.0V. 
There 1s no change 1n pofenfial as our test charge moves from c fo d as we assume 
neglipible resistance 1n the wIres. 
The sum oŸ all the changes in potential around the circuit of Hg. 19—12 1s 
+120V—7.0V — 50V = 0. 


Thịs 1s exactly what Kirchhoffs loop rule said 1t would be. 


Junction rule 
(conseruation oƒ charge) 


Loop rule 
(conseration oƒ energy) 


FIGURE 19-12 Changes in 
potential around the circuit in (a) 
are plotted in (b). 

a 4009 p_ 2909 


jỂ|rnosLEM SOLVING 


Be consistent tuith signs tuhen 
applying the loop rule 
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Kirchhoffs Rules 


1. Label the current in each separate branch of the 


# PROBLEM SOLVING 
Choose current directlons arbitrarily 


@oLVI Me 


gIiven circuit with a diferent subscript, such as 
l,1;,  (see Eig. 19-11 or 19-13). Each current 
refers to a sepgment between two Junctions. Choose 
the direction of each current, using an arrow. The 
direction can be chosen arbitrarily: 1ƒ the current 1s 
actually in the opposite direction, it will come out 
with a minus sign In the solution. 


. Idenfify the unknowns. You will need as many 


independent equations as there are unknowns. You 
may write down more equafions than this, but you 
wIll ñnd that some of the equations wIll be redundant 
(that is, not be independent In the sense of providing 
new informaftion). You may use W = !/ for each 
resistor, which sometimes will reduce the number 
ofunknowns. 


. Apply Kirchhoffs juncfion rule at one or more 


junctions. 


EXAMPLE 19-8 


1;in the three branches of the circuit in Fig. 19—13 (which ¡s the same as Eig. 19—11). 


4. Apply Kirchhoff?s loop rule for one or more loops: 


follow each loop in one direction only. Pay careful 

attention to subscripts, and f†o signs: 

(a) For a resistor, apply Ohm's law; the potential 
difference 1s negative (a decrease) 1ƒ your chosen 
loop direction 1s the same as the chosen current 
direction through that resistor. The potential 
difference 1s positive (an Increase) 1ƒ your chosen 
loop direction 1s opposie to the chosen current 
đirection. 

(b) Eor a battery, the potential difference 1s positive 1Ÿ 
your chosen loop direction 1s from the negatfive 
terminal toward the posifive terminal; the poten- 
tial difference 1s negative 1f the loop direction 1s 
from the posifive terminal toward the negafive 
terminal. 


„ Solve the equafions algebraically for the unknowns. 


Be careful with signs. At the end, check your answers 
by plugging them into the original equations, or 
even by using any additional loop or Junction rule 
equations not used previousÌy. 


Using Kirchhoff's rules. Calculate the currents ?,, ?;, and 


APPROACH and SOLUTION 


1. Label the currenfs and theIr directions. Figure 19—13 uses the labels !,, ?;, 
and 1ÿ; for the current in the three separate branches. Since (posifive) current 
tends to move away from the positive terminal of a bafttery, we choose 1; and 
1; to have the directions shown 1m Eig. 19—13. The direction oŸ Ƒ¡ 1s not obvIous 
in advance, so we arbitrarily chose the direction Indicated. If the current 
actually fows in the opposite direction, our answer will have a negafive sign. 


2. Identify the unknowns. We have three unknowns (Ù;, ?;, and ?;) and therefore 
we necd three equations, which we get by applying Kirchhoffs Junction and 


loop rules. 


3. Juncfion rule: We apply Kirchhoffs Junction rule to the currenfs at point a, 


where !; enters and 7; and 7¡ leave: 


1 = l+1. 


This same equation holds at poïnt d, so we øget no new Information by wrifing 


an equation for poïnt d. 


FIGURE 19-13 Currents can be 
calculated using Kirchhoff rules. 
See Example 19-8. 
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4. Loop rule: We apply Kirchhoffs loop rule to two different closed loops. First 
we apply it to the upper loop ahdcba. We start (and end) at point a. From 
a tohwe have a potential decrease Wj„ = —(1,)(30 O). Erom h to d there is no 
change, but from d to c the potential increases by 45 V: that1s, W¿q = +45 V. 
From c to a the potentfial decreases through the two resistances by an amount 
Wy¿= —(1;)(400 + 10) = —(41Ó)1;. Thus we have Wịa + Wc¿ + Wạ¿ = 0, 
OT 
—301 + 45 - 411; = 0, (ñ) 


where we have omitted the units (volts and amps) so we can more easily see 

the alpgebra. For our second loop, we take the outer loop ahdefsa. (We could 

have chosen the lower loop abcdeføa Instead.) Agaïn we start at point a, and 

going to point h we have Wịa = —(,)(30). Next, Vạn = 0. But when we 

take our positive test charge from d to e, 1t actually 1s going uphill, against the 

currenft—or at least agaInst the assưzued direction of the current, which 1s # PROBLEM SOLVING 
what counts in this calculation. Thus W¿q = +7;(20 6Ó) has a posiiUe SỈEn. ˆ “Be conisis(ent toith signs tohen — 
Similarly, W;¿ = +”;(1O). From f to ø there is a decrease in potential of appiying (be loop ruie 

80 V because we go from the high potential terminal of the battery to the low. 

Thus W,; = —=80V. Finally, W, = 0, and the sum of the potential changes 

around this loop 1s 


—=301; + (20 + 1)1; — 80 = 0. (ñ) 


Our maJor work 1s done. The rest 1s algebra. 


5. Solye the equafions. We have three equations—labeled (¡), (1), and (11)— 
and three unknowns. From Edq. (11) we have 


80 + 301, : 
2= ——= 38+ 14]. (iv) 
21 
From Edq. (1) we have 
45 — 301, 
lb = m = 1.1-— 0.731. (v) 


We substitute Eqs. (1v) and (v) into Eq. (1): 
l = gT— b = 11— 0.731 — 38 — 1.4. 


We solve for !¡, collecting terms: 


3.11 = —2.7 
l_= -0.87A. 
jỂ pnosLeM SOLVING 


lị isin the opposite direcion 
rom that assumed in Fig. 19—13 


The negative sign Indicates that the direction oŸ 1¡ 1s actually opposite to that 
Inifially assumed and shown 1n Eig. 19—13. The answer automatically comes 
out in amperes because our voltages and resistances were 1n volts and ohms. 
From Ea. (iv) we have 


lb = 38+ 14h = 3.8 + 14(—0.87) = 26A, 
and from Ea. (v) 
b = 11-— 073/ = 1.1-— 0/73(—0.87) = 17A. 


Thịs completes the solution. 


NOTE The unknowns ïn different situations are not necessariÌy currents. It mipht 
be that the currents are øiven and we have to solve for unknown resistance or 
voltage. The variables are then different, but the technique 1s the same. 


EXERCISED_ Write the Kirchhoff equation for the lower loop abcdefga of Example 19—8 
and show, assuming the currents calculated in this Example, that the potentials add to 
zero for this lower loop. 
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FIGURE 19-14 Batteries in series, 
(a) and (b), and in parallel (c). 


FIGURE 19-15 Example 19-9, 
a jump sfart. 
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19-4 EMEFs in Series and in Parallel; 
Charging a Battery 


'When two or more sources of emÍf, such as bafteries, are arranged 1n series as In 
Fig. 19—14a, the total voltage 1s the algebraic sum of their respective voltages. Ôn 
the other hand, when a 20-V and a 12-V battery are connected oppositely, as shown 
in Eig. 19—14b, the net voltage Vẹa is 8V (ignoring voltage drop across Internal 
resistances). That 1s, a positive test charge moved from a to b gains in potential 
by 20V, but when 1t passes from b to c it drops by 12V. So the net change 1s 
20V — 12V =8V. You might think that connecting batteries in reverse like 
this would be wasteful. For most purposes that would be true. But such a reverse 
arraneement 1s precisely how a battery charger works. In Fig. 19—14b, the 20-V 
source 1s charging up the 12-V battery. Because of Its greater voltage, the 
20-V source 1s forcing charge back Into the 12-V battery: electrons are being 
forced Info 1ts negative terminal and removed from Its positive terminal. 

An automobile alternator keeps the car battery charged In the same way. 
A voltmeter placed across the terminals of a (12-V) car battery with the engine 
running fairly fast can tell you whether or not the alternator 1s charging the 
battery. IÝ1t is, the voltmeter reads 13 or 14 V. Ifthe battery 1s not being charged, 
the voltage wIll be 12 V, or less 1Ÿ the battery 1s discharging. Car batteries can be 
recharged, but other batteries may not be rechargeable because the chemical reac- 
tions In many cannot be reversed. In such cases, the arrangement of Eig. 19—14b 
would simply waste energy. 

Sources of emf can also be arranged in parallel, Fig. 19—14c, which—If the 
emfSs are the same——can provide more energy when large currenfs are needed. 
Each of the cells in parallel has to produce only a fraction of the total currenf, so 
the energy loss due to Internal resistance 1s less than for a single cell; and the 
batteries will go dead less quickly. 


Jump starting a car. A good car battery is being used to 
jump start a car with a weak battery. The good battery has an emf of 12.5 V and 
Internal resistance 0.020 Ó. Suppose the weak battery has an emf of 10.1 V and 
Internal resistance 0.10 O. Each copper Jumper cable 1s 3.0 m long and 0.50 em 
in điameter, and can be attached as shown In Fig. 19—15. Assume the starter 
motor can be represented as a resistor Ñ®; = 0.15. Determine the current 
throuph the starter motor (2) 1Ÿ only the weak battery 1s connected to it, and (b) 1f 
the good battery 1s also connected, as shown 1n Eig. 19—15. 

APPROACH We apply Kirchhoff?s rules, but im (b) we will first need to deter- 
mine the resistance of the Jumper cables using their dimensions and the resIsfIvity 
(p = 1.68 x 10Ẻ0-m for copper) as discussed in Section 18-4. 

SOLUTION (a) The circuit with only the weak battery and no jumper cables 1s 
simple: an emf of 10.1 V connected to two resistances In series, 0.10 Ó + 0.15 Ô = 
0.25 O. Hence the currentis 7 = V/Ñ = (10.1 V)/(0.25 O) = 40A. 

(b5) We need to find the resistance of the jumper cables that connect the 
good batftery to the weak one. From Eq. 18—3, each has resistance 


— p£ — (168 x 100:m)(3.0m) 


Rị —- = 000260. 
A (z)(0.25 x 10”?m) 


Kirchhoffs loop rule for the full outside loop ø1ves 


12.5V — H(2R¡ + n) —- Rs = 0 
12.5V — 7(0.0250) — (0150) = 0 q) 


since (28; + r) = (0.0052 + 0.0209) = 0.025 0. 


The loop rule for the lower loop, including the weak battery and the starter, ø1ves 
10.1V — (0.150) — 7;(0.100) = 0. () 
The Junction rule at point B gives 
l+1 = 1. (ii) 
We have three equations in three unknowns. From Ea. (11), 
l=h— 1b 
and we substfitute this into Edq. (1): 
12.5V — (ï; — ?,)(0.025 0) — I(0.150) = 0, 
12.5V — I;(0.175 0) + (0.0250) = 0. 


Combining this last equation with Ed. (1) ø1ves 


12.5V — (0.1750) + C..= 00250) = 0 
s V —= 1:0. ) 0100 (0. )= 
OT 
125V +2.5V 
— = 711A, 


(0.175 0 + 0.0375 0) 


quite a bit better than In part (a). 

The other currents are l›= —5 A and 1¡ = 76 A. Note that 12 = —5 A 1sm the OppO- 
site direction from what we assumed 1n Hig. 19—15. The terminal voltage of the 
weak 10.1-V battery when beIng charged 1s 


Vaa = 10.1 V — (—5 A)(0.100) = 10.6 V. 


NOTE The circuit in Eig. 19—15, without the starter motor, is how a battery 
can be charged. The stronger battery pushes charge back Into the weaker battery. FIGURE 19-16 Exercise E. 


EXERCISE E Tí the Jumper cables of Example 19—9 were mistakenly connected In reverse, 125V 0.020Q 
the positive terminal of each battery would be connected to the negative terminal of the DONT 
other battery (Fig. 19-16). What would be the current 7 even before the starter motor TRY Rị 


1S engaged (the switch S in Eig. 19-16 is open)? Why could this cause the batteries to THIS 
explode? 


0.10 101V 


Safety when Jump Starting 


Before Jump starting a car)s weak battery, be sure both batteries are 12V and 
check the polarity of both batteries. The following (cautious) procedure applies If 
the negative (—) terminal is ground (attached by a cable to the metal car frame 
and motor), and the “hot” terminal is positive (+) on both batteries, as 1s the case 
for most modern cars. The + terminal 1s usually marked by a red color, often a red 
cover. The safest procedure 1s to first connect the hot (+) terminal of the weak 
battery to the hot terminal of the good battery (using the cable with red clamps). 
Spread apart the handles of each clamp to squeeze the contact tiphtly. Then 
connect the black cable, first to the ground terminal of the good battery, and the 
other end to a clean exposed metal part (I.e., at øround}) on the car with the weak 
battery. (This last connection should preferably be not too close to the battery, which 
1nrare cases might leak H; gas that could 1gnite at the spark that may accompany 
the ñnal connection.) Thĩs 1s safer than connecting directly to the ground terminal. 
'When you are ready to sfart the disabled car, 1t helps to have the good car running 
(to keep is battery fully charged). As soon as the disabled car starts, mmediately 
detach the cables in the exact reverse order (pround cable first). 

In the photo of Eig. 19—15, the above procedure 1s not being followed. Note 
the safety error: with pround terminals connected, 1ƒ the red clamp (+12V) 
touches a metal part (= ground), even If dropped by the person, a short circuIt 
with damaging hiph electric current can occur (hundreds of amps). 
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V= Vậy 


FIGURE 19-17 Capacitors in 
parallel: Ca = Cị + Œ + Œa. 


FIGURE 19-18 Capacitors in series: 
l7... 0Ú 1 
Ca CC Ó@  Œ 


V = Vập 


$Š*CAUTION 
Formula for capacitors in 
series resembles ƒormula 
ƒor resistors in parallel 
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19-5 Circuits Containing Capacitors 
in Series and in Parallel 


Just as resistors can be placed In series or 1n parallel In a cIrcuif, so can capacItOTS 
(Chapter 17). We first consider a parallel connection as shown ¡in Fig. 19—17. If 
a battery supplies a potential difference V to points a and b, this same potential 
difference Wƒ = Vạp exists across each of the capacitors. That 1s, since the left- 
hand plates of all the capacitors are connected by conductors, they all reach the 
same potential Vạ when connected to the battery; and the right-hand plates each 
reach potential My. Each capacitor plate acquires a charge given by ¡ = C¡V, 
€; = C;V, and Œ› = CV. The total charge Q that must leave the battery 1s then 


Q = @¡;:+O;+(Q; = Œ¡V +Œ,V + C;V. 


Let us try to find a single equivalent capacitor that will hold the same charge Ở at 
the same voltage W = Vịp. It will have a capacitance Ca given by 


Ø = CuÝẺ: 
Combining the two previous equations, we have 


CŒạV = CV +ŒV+(ŒV = (Ci + C; + Œ;)V 
OT 


C 


ca = | + C; + Ó;. [parallel] (19-5) 


The net effect oŸ connecting capacifors in parallel is thus to /crease the capacI- 
tance. Connecting capacitors in parallel is essentially increasing the area of the 
plates where charge can accumulate (see, for example, Eq. 17-8). 

Capacitors can also be connected In series: that 1s, end to end as shown In 
Fig. 19—18. A charge + flows from the battery to one plate of C¡, and —Ó flows 
to one plate of C;. The regions A and B between the capacitors were originally 
neutral, so the net charge there must still be zero. The + on the left plate of C¡ 
atfracts a charge oŸ —Œ on the opposite plate. Because region A must have a zero 
net charge, there 1s +(@ on the left plate of C;. The same considerations apply to 
the other capacitors, so we see that the charge on each capacitor plate has the same 
magmitude Ợ. A single capacitor that could replace these three In series without 
affecting the circuit (that is, @ and V the same) would have a capacitance C.„ where 


0. 


The total voltage V across the three capacifors In series must equal the sum of the 
voltaøges across each capacItOr: 


V = Vị+W;+b. 


W©e also have for each capacitor @ = Œ;¡Wị¡, @ = C;VW;, and Q@= C;V;, so we 
substitute for Wị, W;, W;, and Vinto the last equation and get 


Sa E có gi c Trt¿*g] 
Caa Œ CC Cy Œ{ Œ CC; 
OT 
1 1 1 1 


2Ì". w.w” 


[series (19—6) 


Notice that the equivalent capacitance Cc„ 1s sz2/ler than the smallest contributing 
capacitance. Notice also that the forms of the equations for capacCIfOTS 1n S©TI€S OT 
1n parallel are the reverse of their counterparts for resistance. That 1s, the formula 
for capacItors 1n series resembles the formula for resistors 1n parallel. 


EXAMPLE 19-10 | Equivalent capacitance. Determine the capacitance of 
a single capacitor that w1ill have the same effect as the combination shown In 
Fig. 19—19a. Take C¡ = CŒ; = Œ; = C. 

APPROACH First we find the equivalent capacitance of C; and Œ; in parallel, 
and then consider that capacitance 1n series with Œ}. 


SOLUTION Capacitors C; and C: are connected in parallel, so they are equIva- 
lent to a single capacItor having capacitance 


Ca = Œ; + Œ = C+C = 2C. 


Thịs C2; 1s In series with C¡, Eig. 19—19b, so the equivalent capacitance of the 


enfire circuit, Cca, 1s given by 
L.. ] L.. Í ñ 1L. .3 
Cao Œị_ C2; G - øÉ 2C 


Hence the equivalent capacitance of the entire combination 1s Ca = ‡Œ, andit 
1s smaller than any of the contributing capacitances, C¡ = C; = Œ = C. 


EXERCISE F Consider two identical capacitors C¡ = C; = 10,EF. What are the 
smallest and largest capacitances that can be obtained by connecting these In serles or 
parallel combinations? (2) 0.2 „E, 5 .F; (b) 0.2 E, 10 „E; (c) 0.2 .F, 20 wE; (đ) 5 wE, 
10 E; (e) 5 „E, 20 „F; (ƒ) 10 E, 20 _F. 


EXAMPLE 19-11 | Charge and voltage on capacitors. ID)etermine the charge 
on each capacitor in Fig. 19—19a of Example 19—10 and the voltage across each, 
assuming C = 3.0 „E and the battery voltage 1s V = 4.0 V. 


APPROACH We have to work “backward” through Example 19—10. That is, we 
find the charge € that leaves the battery, using the equivalent capacitance. 
Then we find the charge on each separate capacitor and the voltage across each. 
Each step uses Eq. 17-7, @Q = CV. 


SOLUTION The 4.0-V battery behaves as I it is connected to a capacitance 


Cau = ‡C = ‡(3.0 uF) = 2.0 uE. Therefore the charge Ó that leaves the battery, 


by Eq. 17-7, 1s 

Ø@ = CV = (20F)(40V) = 8.0,C. 
From Eig. 19—19a, this charge arrives at the negative plate of C;, so Ó; = 8.0 C. 
The charge @ that leaves the posifive plate of the battery 1s split evenly between 
C; and Œ (sywưuetry: Cạ = Œ3) and is Ó; = Ó› = ÿO = 4.0 C. Next, the volt- 
ages across C; and Œ› have to be the same. The voltage across each capacItOr 1s 
obfained using ƒ = Q/C. So 

W_= O/C¿ = (80C)/(3.0F) = 27V 

W = ›;/CŒ; = (4.0 C)/(3.0 uF) 13% 

W = Ơ:/C; = (4.0 C)/(3.0 uF) 1.3 V. 


19-G #C Circuits—Resistor and 
CapacItor 1n Series 
Capacitor Charging 


Capacitors and resistors are often found together In a circuit. Such #ÈC circuifs are 
common in everyday life. They are used to control the speed of a car's windshield 
wipers and the timing of traffic lights; they are used in camera flashes, in heart 
pacemakers, and in many other electronic devices. In C circulfs, we are not so 
1nterested in the final “steady state” voltasge and charge on the capacitor, but rather 
1n how these variables change In time. 
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FIGURE 19-19 
Examples 19—10 and 19-11. 


l# PROBLEM SOLVING 
Remember to take the reciprocal 
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SÊ*CAUTION 
Don† conƒiuse e for exponential 
tuith e for electron charge 


FIGURE 19-20 After the switch S 
closes in the #C circuit shown ïn (a), 
the voltage Vệ across the capacItor 
Increases with time as shown ïn (b), 
and the current through the resistor 
decreases with time as shown ïn (c). 


R 


1 
© 
I 
> 
Š 


2RC 3RC í 
(b) Time 


Current 


Current 7 


540 CHAPTER19 DC Circuits 


A simple &C circuit is shown In Eig. 19-20a. When the switch § 1s closed, 
current immediately begins to flow throuph the circuit. Electrons will flow out 
from the negative terminal of the battery, throuph the resistor ®#, and accumulate 
on the upper plate of the capacitor. And electrons wIll flow Into the posifive 
terminal of the battery, leaving a positive charge on the other plate of the 
capacitor. As charge accumulates on the capacitor, the potential difference 
across it increases (Vc = @/C), and the current is reduced until eventually the 
voltaøe across the capacitor equals the emf of the battery, %. There 1s then no 
further current flow, and no potential difference across the resistor. The potential 
diference Vệ across the capacitor, which 1s proportional to the charge on 1t 
(fc = O/C, Eq. 17-7), thus increases in time as shown in Fig. 19-20b. The shape 
Of this curve is a type of exponential, and is given by the formulaÏ 


Vẹ = %(L_— e 4©), (19—7a) 


where we use the subscript C to remind us that Wc 1s the voltage across the 
capacitor and 1s øIven here as a function of time ứ. [The constant e, known as the 
base for natural logarithms, has the value e = 2.718---. Do not confuse this e with 
e for the charge on the electron.] 

We can write a similar formula for the charge @ Í= CVc) on the capacitor: 


ØO = O(L- e1"), (19—7b) 


where  represents the maxinum charge. 
The product of the resistance Ñ times the capacitance C, which appears in 
the exponent, 1s called the time consfant 7 of the cIrcuIt: 


r = RC. (19—7c) 


The time constant 1s a measure of how quickly the capacitor becomes charged. 
[The units of C are O-E = (V/A)(C/V) = C/(C/s) = s.]} Specifically, ít 
can be shown that the product §C gives the time required for the capacifor”S 
voltage (and charge) to reach 63% of the maximum. This can be checked? 
using any calculator with an eŸ key: e "= 0.37, so for £= RC, then 
(1 - e9 = (1 - £) = (1 — 0.37) = 0.63. In a circuit, for example, where 
R = 200kO and C = 3.0 uF, the time constant is (2.0 x 10? 0)(3.0 x 10 °E) = 
0.60s. If the resistance 1s much smaller, the time constant 1s much smaller and 
the capacitor becomes charged much more quickly. This makes sense, because 
a lower resistance wIll retard the flow of charge less. All circuits contain some 
resistance (1Ÿ only in the connecting wires), so a capacitor can never be charged 
1nstantaneously when connected to a battery. 

Finally, what 1s the voltasge Vạ across the resistor 1n Fig. 19—20a? The imposed 
battery voltage 1s 'Š, SO 


Vị = 6-— Vẹ = Ÿ9(—1+e"“) = %e 1, 


This 1s called an exponenfial decay. The current 7 flowing 1n the circuit 1s that 
flowing through the resistor and 1s also an exponential decay: 
la $ 


]= FiNNG TẾ n (19-7d) 


When the switch of the circuit in Eig. 19—20a 1s closed, the current 1s largest at 
first because there 1s no charge on the capacitor to impede 1t. As charge builds on 
the capacifor, the current decreases 1n time. That 1s exactly what Eq. 19-7d and 
Fig. 19—20c tell us. 


The derivation uses calculus. 


'More simply, since e = 2.718:-:, then e Ì = 1/e = 1/2.718 = 0.37. Note that e is the inverse opera- 
tion to the natural logarithm In: In(e) = 1, and In(e*) = x. 


RC circuit, with emf. The capacitance in the circuit of 
Fig. 19—-20a 1s C = 0.30 _E, the total resistance 1s ® = 20 kOÓ, and the battery 
emf is 12 V. Determine (2) the time constant, (b) the maximum charge the 
capacitor could acquire, (c) the time 1t takes for the charge to reach 99% of this 
value, and (3) the maximum current. 


APPROACH We use Eig. 19-20 and Egqs. 19-7a, b, c, and d. 


SOLUTION (z) The time constant is RC = (2.0 x 1010)(3.0 x 10 7F) = 
6.0 x 103s = 6.0ms. 

(b) The maximum charpge would occur when no further current flows, so 
Ớy = C§ = (3.0 x 10” F)(12V) = 3.6 uC. 

(c) In Eq. 19—7b, we set @ = 0.99Œ%: 


0.996 = C%(1 — e1⁄®), 
OF 
e1/RC = Ị† — 0.09 = 0.01. 


We take the natural logarithm of both sides (Appendix A-8), recalling that 
In e' = x: 


lễ 
—— = -hn(001) = 46 


SƠ 
f = 46RC = (446)(60 x 103s) = 28 x 103s 


or 28 ms (less than sgS). 


(đ) The current Is a maximum at / = 0 (the moment when the switch is closed) 
and there Is no charge yet on the capacitor (CQ = 0): 


Š 12V 


.....- = 600A. 
mx 2N 20x 1020 lì 


Capacitor Discharging 

The circuit Just discussed Involved the charging OŸ a capacitor by a battery 
through a resistance. Now let us look at another situation: a capacItor 1s already 
charged to a voltage Wọ¿ and charge Óạ, and it is then allowed to đ/scharge through 
a resistance # as shown im Fig. 19—21a. In this case there 1s no battery. When the 
switch S 1s closed, charge begins to flow through resistor ® from one side of 
the capacitor toward the other side, until the capacitor 1s fully discharged. 
The voltage across the capacitor decreases, as shown In EFig. 19-21b. Thịs 
“exponential decay” curve 1s ø1ven by 


Wẹ = LUẠT AM ho 


where VWạ ¡is the initial voltaee across the capacitor. The voltage falls 63% of the 
way fo Zero (to 0.37Wạ) in a time 7z = &C. Because the charge @ on the capacitor 
1s @ = CV (and Óạ = CWạ), we can write 


Q = Que” 


for a discharging capacitor, where Ó§ 1s the Inmitial charge. 

The voltage across the resistor wIll have the same magmitude as that across 
the capacitor at any 1nstant, but the opposite sign, because there 1s zero applied 
emf: Ứe + Vạ = 0 so Vạ = —Vc = —Vạe 1RC, A graph of Ứạ vs. time would just 
be Fig. 19~21b upside down. The current 7 = W„/R = —(Wq/R)e 1⁄8 = —lye 1/RC 
The current has 1s greatest magnitude at í = 0 and decreases exponentially 
in time. (The current has a minus sign because mm Fig. 19—21a ït flows in the oppo- 
site direction as compared to the current in Fig. 19—20a.) 
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FIGURE 19-21 For the RC circuit 
shown ïn (a), the voltage Ve across 
the capacitor decreases with time í, 
as shown ïn (b), after the switch S 1s 
closed at / = 0. The charge on the 
capacitor follows the same curve 


since @ œ Vẹ. 
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FIGURE 19-22 Example 19-14. 


@ÒpHvsics APPLIED 
Sautooth 0oliage 


đÒpnvysics APPLIED 
Blnking flashers 


FIGURE 19-23 (a) An £C circuit, 
coupled with a gas-filled tube as a 
switch, can produce (b) a repeating 


“sawtooth” voltage. 
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EXAMPLE 19-13 | A discharging #€ circuit. If a charged capacitor, 
C = 35 HE, 1s connectfed to a resistance  = 120 Q asin Eig. 19—21a, how much 
time will elapse until the voltage falls to 10% of its original (maximum) value? 


APPROACH The voltage across the capacitor decreases according to Wc = Wqe 1⁄R€, 
We set Vẹ = 0.10 (10% of Wọ), but first we need to calculate z = RC. 


SOLUTION The time constant for this circuIt 1s gIven by 

+®= RC = (120D5)(35 x10 “F) = 42 X 103, 
After a time í the voltage across the capacitor wiIll be 

Vệ = the ÔNG, 


We want to know the time f for which Wc = 0.10Wạ. We substitute mto the 
above equation 


U10, = D7 RE 
SƠ 
g7 e‹0)1Ð 


The inverse operation to the exponential e is the natural log, In. Thus 
f 
In(e 4©) = ———— = In0.10 = —2.43. 
RC 
Solving for f, we find the elapsed time 1s 


¡ = 23(RC) = (2.3)(42 x 10s) = 97 x 10s = 9.7ms. 


NOTE We can fnd the time for any specified voltage across a capacitor by 
using  = RCIn(W/Vc). 


CONCEPTUAL EXAMIPLE 19-14 | Bulb in RC circuit. In the circuit of 


Fig. 19-22, the capacitor 1s originally uncharged. Describe the behavior of the 
lightbulb from the instant switch S is closed until a long time later. 


RESPONSE_ When the switch 1s fñirst closed, the current in the circuit is high and 
the lightbulb burns brightly. As the capacitor charges, the voltage across the capac- 
1fOT Increases, causing the current to be reduced, and the lightbulb dims. As 
the potential difference across the capacitor approaches the same voltage as the 
battery, the current decreases toward zero and the lightbulb goes out. 


Medical and Other Applications of C Circuits 


The charging and discharging In an #C circuit can be used to produce voltage 
pulses at a regular frequency. The charge on the capacifor Increases to a particular 
voltage, and then discharges. One way Of Inmtiating the discharge of the capacItor 
1s by the use of a gas-filled tube which has an electrical breakdown when the 
voltage across It reaches a certain value Wạ. After the discharge 1s finished, the 
tube no longer conducfs current and the recharging process repeafs 1tself, starting 
at a lower voltage Vạ. Eigure 19-23 shows a possible circuit, and the sawfooth 
volfage 1t produces. 

A simple blinking light can be an application of a sawtooth oscillator ciIrcuIt. 
Here the emf is supplied by a battery; the neon bulb flashes on at a rate of perhaps 
1 cycle per second. The main component of a “flasher unit” 1s a moderately laree 
CapacItOr. 


< 


Gas-filled 
tube 


(b) Time 


The intermittent windshield wipers of a car can also use an RC circuit. The @® PHYSICS APPLIED 
RC time constant, which can be changed using a multi-positioned swi(ch for dIf- Windshield tuipers on “intermittenf” 
ferent values of # with fixed C, determines the rate at which the wipers come on. 


EXERCISEG A typical turn signal flashes perhaps twice per second, so its time constant 

1s on the order of 0.5s. Estimate the resistance In the circuit, assuming a moderate 

capacItor of C = 1 .E. 

An important medical use of an ®C circuit 1s the electronic heart pacemaker, @® PHYSICS APPLIED 

which can make a stopped heart start beating agam by applying an electric stim- Heart pacemaker 
ulus through electrodes attached to the chest. The stimulus can be repeatfed at the 
normal heartbeat rate 1Ÿ necessary. The heart 1tself contains pacemaker cells, 
which send out tiny electric pulses at a rate of 60 to 80 per minute. These signals 
induce the start of each heartbeat. In some forms of heart disease, the natural 
pacemaker fails to function properly, and the heart loses 1ts beat. Such patlenfs 
use elecfronic pacemakers which produce a regular voltage pulse that starts and 
controls the frequency of the heartbeat. The electrodes are Implanted in or near 
the heart (Fig. 19-24), and the circuit contains a capacitor and a resistor. The 
charge on the capacItor Increases fo a certain point and then discharges a pulse 
to the heart. Then 1t starts charging again. The pulsing rate depends on the time 
consfant #®C. 


Í 9—Z7 Electric H azards FIGURE 19-24 Eitói An 


powered pacemaker can be seen on 


Excess electric current can overheat wires in buildings and cause fires, as discussed tr. p cage in this X-ray (eolor added). 


1n Section 18~6. Electric current can also damage the human body or even be fatal. 
Electric current through the human body can cause damage in two ways: (1) heating 
tissue and causing burns; (2) stmulating nerves and muscles, and we feel a “shock.” @® PHYSICS APPLIED 
The severity of a shock depends on the magnitude of the current, how long 1t acts, xaaxe@iFrtbewiiim— -` 
and through what part of the body 1t passes. ÀA current passing through vital organs 
such as the heart or brain 1s especially damaging. 

A current of about 1mA or more can be felt and may cause pain. Currents 
above 1ŨmA cause severe contraction of the muscles, and a person may not be 
able to let go of the source of the current (say, a faulty appliance or wire). Death 
from paralysis oŸ the respiratory system can occur. Artificial respiratlon can 
Sometimes revive a victim. IỶ a current above about 80 to 100 mA passes across 
the torso, so that a portion passes throuph the heart for more than a second or 
two, the heart muscles will begin to contract 1rregularly and blood wIll not be 
properly pumped. This condition 1s called ventricular fibrillation. TỶ it lasts for 
long, death results. Strangely enough, 1f the current 1s much larger, on the order 
of 1A, death by heart failure may be less likely,' but such currents can cause 
Serious burns 1Ÿ concentrated through a small area of the body. 

Tt 1s current that harms, but 1t 1s voltage that drives the current. The serIous- 
ness Of an electric shock depends on the current and thus on the applied voltage 
and the effective resistance of the body. Living tissue has low resistance because 
the fluid of cells contains 1ons that can conduct quite well. However, the outer 
layer of skin, when dry, offers high resistance and 1s thus protective. The effective 
resistance between two poinfts on opposite sides of the body when the skin 1s dry 
is on the order of 10! to 10 Ó. But when the skin is wet, the resistance may be 10 O 
or less. A person who 1s barefoot or wearing thin-soled shoes will be in good confactf 
with the ground, and touching a 120-V line with a wet hand can result in a currenf 

120V 
1 1000 Q 120 mA. 
As we saw, this could be lethal. 


Dangers öƒ electricity 


TLarger currents apparently bring the entire heart to a standstill. Upon release of the current, the 
heart returns to Its normal rhythm. This may not happen when fibrillation occurs because, once 
started, 1t can be hard to stop. Fibrillatlon may also occur as a result of a heart attack or during heart 
surgery. A device known as a đefibrillator (described in Section 17-9) can apply a brief hish current to 
the heart, causing complete heart stoppage which is often followed by resumption of normal beating. 
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(b)“' 
FIGURE 19-25 You can receive a 
shock when the circuit is completed. 


$Š*CAUTION 
Keep one hand in your pocket 
tohen other touches electricity 


€@ÒpHvsics APPLIED 
rounding and shocks 


FIGURE 19-26 (a) An electric oven 
operating normally with a 2-prong 
plug. (b) A short to a metal case 
which 1s unprounded, causing a shock. 
(c) A short to the case which 1s 
ørounded by a 3-prong plug; almost 
no current øgoes throuph the person. 


FIGURE 19-27 (a) A 3-prong plug, 
and (b) an adapter (white) for old- 
fashioned 2-prong outlets——be sure to 
screw down the ground tab (green color 


in photo). 
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You can get a shock by becoming part of a complete circuit. Figure 19-25 
shows two ways the circuit might be completed when you accidentally touch a 
“hot” electric wIre——“hot” meaning a high potential relative to ground such as 
120V (normal U.S. household voltage) or 240V (many other countries). The 
other wire of building wiring 1s connected to ground——either by a wire connected 
to a buried conductor, or via a metal water pIpe Into the ground. The current in 
Fig. 19-25a passes from the high-voltage wire through you to ground through 
your bare feet, and back along the ground (a fair conductor) to the ground ter- 
minal of the source. IỶ you stand on a good 1nsulator——thick rubber-soled shoes 
or a dry wood floor——there will be mụch more resistance 1n the circuit and much 
less current throuph you. IÝ you stand with bare feet on the ground, or in a bathtub, 
there is lethal danger because the resistance 1s much less and the current greater. 
In a bathtub (or swimming pool), not only are you wet, which reduces your 
resistance, but the wafter 1s in contact with the drain pipe (typically metal) that 
leads to the ground. It is strongly recommended that you not touch anything 
electrical when wet or In bare feet. The use of non-metfal pipes would be protecfive. 

In Eig. 19—25b, a person touches a faulty “hot” wIre with one hand, and the other 
hand touches a sink faucet (connected to ground via the pipe or even by water in 
a non-metal pipe). The current 1s particularly dangerous because 1t pasS€s acrOSS 
the chest, through the heart and lungs. A useful rule: 1Ý one hand 1s touching 
something electrical, keep your other hand in your back pocket (don't use it!), 
and wear thick rubber-soled shoes. Also remove metal Jewelry, especially rings 
(your finger is usually moist under a ring). 

'You can come 1nfo contact with a hot wIre by touching a bare wire whose Insu- 
lation has worn of£, or from a bare wire inside an appliance when you Tre tinkering 
with it. (Always unplug an electrical device before investigating its insides!)” Also, 
a wrre Inside a device may break or lose 1fs insulation and come 1n contact with the 
case. If the case 1s metal, it will conduct electricity. A person could then suffer a 
severe shock merely by touching the case, as shown In Eig. 19—-26b. To prevent 

(b) 
h 
/ 
lộ 


` 


À 
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an accident, metal cases are supposed to be connected directly to ground by a 
separate ground wrre. Then 1f a “hot” wire touches the grounded case, a short 
Circuit to ground immediately occurs Internally, as shown In Eig. 19—26c, and mosf 
Of the current passes through the low-resistance ground wire rather than through 
the person. Furthermore, the high current should open a fuse or circuit breaker. 
Grounding a metal case 1s done by a separate øground wire connected to the third 
(round) prong of a 3-prong plug. Never cut off the third prong of a plug——It could 
save your life. A three-prong plug, and an adapter, are shown 1n Figs. 19—27a and b. 


TEven then you can get a bad shock from a capacitor that hasnˆt been discharged until you touch it. 


Safe Wiring 

Why 1s a third wire needed? The 120 V 1s carried by the other two Wlres—one 
hot (120 V ac), the other neutral, which is itself grounded. The third “dedicated” 
ground wire with the round prong may seem redundant. But If 1s protection for 
two reasons: (1) It protects against Internal wiring that may have been done 
Incorrectly or 1s faulty as discussed above, Fig. 19—26. (2) The ø0ufral Wire carries 
the full normal current (“return” current from the hot 120 V) and 1t does have 
Tesistance—so there can be a voltage drop along the neutral wire, normally 
small; but 1Ý connections are poor or corroded, or the plug 1s loose, the resistance 
could be large enouph that you might feel that voltage 1ƒ you touched the neutral 
wrre some distance from 1ts grounding poïnt. 

Some electrical devices come with only two wires, and the plug”s twO prongs 
are of different widths; the plug can be Inserted only one way Into the outlet so 
that the intended neutral (wider prong) in the device 1s connected to neutral In 
the wiring (Fig. 19-28). For example, the screw threads of a liphtbulb are meant 
to be connected to neutral (and the base contact to hot), to avoid shocks when 
changing a bulb in a possibly protruding socket. Devices with 2-prong plugs do 
noí have theIr cases prounded; they are supposed to have double electric insulation 
(or have a nonmetal case). Take exfra care anyway. 

The insulation on a wire may be color coded. Hand-held meters (Section 19-8) 
may have red (hot) and black (ground) lead wires. But im a U.S. house, the hot 
wire 1s often black (though it may be red), whereas white is neutral and green (or 
bare) is the dedicated ground, Fig. 19-29. But beware: these color codes cannot 
always be trusted. 

[In the U.S., three wires normally enter a house: two hø/ wires at 120 V each 
(which add together to 240 V for appliances or devices that run on 240 V) plus 
the grounded øewiral (carrying return current for the two hot wires). See 
Fig. 19-29. The “dedicated” ground wire (non-current carrying) 1s a fourth wire 
that does not come from the electric company but enters the house from a nearby 
heavy stake In the ground or a buried metal pipe. The two hot wires can feed 
separate 120-V circuits In the house, so each 120-V circuit inside the house has 
only three wires, including the dedicated ground.] 

Normal circuit breakers (Sections 18—6 and 20—7) protect equipment and build- 
1ngs from overload and fires. They protect humans only 1n some ciIrcumsftances, such 
as the very high currents that result from a short, 1f they respond quickly enough. 
Ground ƒault circuit mterrupfers (GECL or GED, described in Section 21-9, are 
desiøned to protect people from the much lower currents (10 mA to 100 mA) that 
are lethal but would not throw a 15-A circuit breaker or blow a 20-A fuse. 

Another danger 1s leakage current, by which we mean a current along an 
unintended path. Leakage currents are often “capacitively coupled.” For example, 
a wire In a lamp forms a capacitor with the metal case; charges moving 1n one con- 
ductor attract or repel charge 1n the other, so there 1s a current. Typical electrical 
codes limit leakage currents to 1mA for any device, which 1s usually harmless. 
It could be dangerous, however, to a hospIfal patient with implanted electrodes, 
due to the absence of the protective skin layer and because the current can 
pass directly through the heart. Although 100 mA may be needed to cause heart 
fibrillation when entering throuph the hands and spreading out through the body 
(very little of it actually passing throuph the heart), but as little as 0.02mA can 
cause fibrillatlon when passing directly to the heart. Thus, a “wired” patient 1s In 
considerable danger from leakage current even from as simple an act as touching 
a lamp. 

Finally, don't touch a downed power line (lethal!) or even get near it. A hot 
power line 1s at thousands of volts. A huge current can flow along the ground 
from the point where the high-voltaøge wire touches the ground. This current 1s øreat 
enouph that the voltage between your two feet could be large and dangerous. 
Tip: stand on one foot, or run so only one foot touches the øround at a time. 
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FIGURE 19-28 A polarized 
2-prong plug. 
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Black tuire may be either 
ground or hot. Beuuarel 


FIGURE 19-29 Four wires enterine 
a typical house. The color codes for 
Wires are not always as shown 
here——be carefull 
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19—8 Ammeters and Voltmeters—Measurement 
Affects the Quantity Being Measured 


Measurement 1s a fundamental part of physics, and 1s not as simple as you might 
think. Measuring Instruments can not be taken for granted; their results are not 
perfect and often need to be Interpreted. As an illustration of measurement 
“theory” we examine here how electrical quanfities are measured using mefters. 
W© also examine how meters affect the quantity they attempt to measure. 

An ammefer measures current, and a yoltmefer measures potential difference 
or voltage. Each can be either: (1) an azzlog meter, which displays numerical 
values by the position of a pointer that can move across a scale (Fig. 19—30a); or 
(2) a đigital meter, which displays the numerical value in numbers (Fig. 19—30Ðb). 
W©e now examine how analog meters work. 

L An analog ammeter or voltmeter, in which the reading 1s by a poInter on a scale 

(Fig. 19—-30a), uses a gaoanơrmeier. A galvanometer works on the principle of the 
force between a magnetic field and a currenf-carrying coil of wire; 1t 1s straipht- 
forward to understand and will be discussed in Chapter 20. For now, we only need to 
know that the deflection of the needle ofa galvanometer 1s proportional to the currenf 
flowing throueh 1t. The ƒull-scale current sensifiuify of a galvanometer, ïạ, 1s the 
electric current needed to make the needle deflect full scale, typically about 50 „A. 

ề A galvanometer whose sensitIvity lạ 1s 50A can measure currenfs from 
FIGURE 19-30 (a) An analog about 1 „A (currents smaller than this would be hard to read on the scale) up to 
multimeter. (b) An electronic digial  5,¿A. To measure larger currents, a resistor is placed in parallel with the 
meter measuring voltage at a circuit galvanometer. An analog ammefter, represented by the symbol s=Ä-s, consIsts of a 
breaker. galvanometer (=-@) in parallel with a resistor called the shunf resisfor, as shown in 
@® PHYSICS APPLIED Hợ. 19-31. (“Shunt” is a synonym for “in parallel.”) The shunt TesIs(ance 1s lần, 
X mHðÏeTS use siuni Pebfor n parallel and the resistance of the galvanometer coil 1s r. The value Of Ñ;ụ 1s chosen according 
to the full-scale deflection desired; ®¿ụ 1s normally very small——g1ving an ammeter 
a very small net resistance——so most of the current passes through #®;¡ and very 
FIGURE 19-31 An ammetcr is a little (< 50 A) passes throuph the galvanometer to deflect the needle. 

galvanometer In parallel with a (shunt) 

resIstor with low resistance, #. 
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Ammeter design. Design an ammeter to read 1.0 A at 
full scale using a galvanometer with a full-scale sensifivity of 50A and a 
resistance r = 30 O. Check 1f the scale 1s linear. 

APPROACH Only 50A (=⁄¿ = 0.000050 A) of the 1.0-A current passes 
through the galvanometer to give full-scale deflection. The rest of the current 
(T„ = 0.999950 A) passes through the small shunt resistor, R,ạ, Eig. 19-31. The 
potential difference across the galvanometer equals that across the shunt 
resistor (they are 1n parallel). We apply Ohms law to find Rụ. 

SOLUTION Because 7 = ⁄¿ + 7„, when 7 = 1.0A flows into the meter, we 
want 7z throuph the shunt resistor to be 7z = 0.999950 A. The potential differ- 
ence across the shunt 1s the same as across the galvanometer, so 


Tạ Ru = 1 ấP 
Then ( : \ ) 
lẹr 5.0 x 105 A)(300 
ly = = = 15x1020 
Mã lạ (0.999950 A) ï 


or 0.0015 ©. The shunt resistor must thus have a øery low resistance and mosf Of 
the current passes through 1t. 

Because 1q = !„ (Rạụ/ r) and (Rụ/ r) 1S consfant, we see that the scale 1s 
linear (needle deflection 1s proportional to ?@). IÝ the current 7 + ?z into the 
meter 1s half of full scale, 0.50 A, the current to the galvanometer will be 
ls = Ts(Rw/r) = (0.50 A)(1.5 x 1030)/(300) = 25 „A, which would make 
the needle deflect halfway, as 1t should. 


An analog voltmeter (*=*) consists of a galvanometer and a resistor Ẩ;¿r con- 
nected In series, Fig. 19—32. Ñ;e; 1s usually large, g1ving a voltmeter a hiph Internal 
resisfance. 


€@ÒpHvysics APPLIED 
Voliineters use Series resistor 
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EXAMPLE 19-16 | Voltmeter design. Using a galvanometer with internal 
resistance r = 30 Ó and full-scale current sensifivity of 50 „A, design a voltmeter 
that reads from 0 to 15 V. Is the scale linear? 


APPROACH When a potential difference of 15 V exists across the terminals of our 
voltmeter, we want 50 A to be passing throuph 1t so as to ø1ve a full-scale deflection. 


SOLUTION From Ohm law, W = 7R, we have (Eig. 19-32) 
15V = (50gA)(r + Rạ„), 


SƠ 
Re¿ = (15V)/(5.0 x 105A) — r = 300kO — 300 + 300kO. 


Note that r = 30 Ó 1s so small compared to the value of Ñ;¿r that 1t doesnt 
influence the calculation significantly. The scale will again be linear: 1f the volt- 
aøe to be measurcd ¡1s 6.0 V, the current passing throuph the voltmeter will be 
(6.0 V)/(3.0 x 1070) = 2.0 x 105A, or 20„A. This will produce two-fifths 
of full-scale deflection, as required (6.0 V/15.0V = 2/5). 


How to Connect Meters 


Suppose you wish to determine the current 7 ¡n the circuit shown in Elg. 19—33a, 
and the voltage W across the resistor #,. How exactly are ammeters and volt- 
mefers connected to the circuit being measured? 

Because an ammeter is used to measure the current flowing 1n the circuit, 1t 
must be inserted directly Into the circuIt, in series with the other elements, as shown 
1n Eig. 19—33b. The smaller 1ts internal resistance, the less 1t affects the circuit. 

A voltmeter 1s connected “externally,” in parallel with the circuit element acrOss 
which the voltage 1s to be measured. It measures the potential diference between 
two poinfs. Ifs two wire leads (connecting wires) are connected to the two poinfs, as 
shown In Hg. 19—33c, where the voltage across ¡ 1s being measured. The larger 1s 
Internal resistance (;¿r + r, Fig. 19—32), the less it affects the circuit being measured. 


Effects of Meter Resistance 


Tt 1s Important to know the sensifivity ofa meter, for in many cases the resistance 
Of the meter can seriously affect your results. Consider the following Example. 


Voltage reading vs. true voltage. An electronic circuit has 
two 15-kÔ resistors, #¡ and ;, connected m series, Eig. 19—34a. The battery voltage 
1s 8.0 V and it has negligible internal resistance. A voltmeter has resistance 
of 50 kÔ on the 5.0-V scale. What voltage does the meter read when connected 
across ¡, Eig. 19—34b, and what error 1s caused by the meter”s finite resistance? 
APPROACH The meter acts as a resistor in parallel with ¡. We use parallel 
and series resistor analyses and Ohms law to find currents and voltages. 
SOLUTION The voltmeter resistance of 50,000 © ¡s in parallel with #;¡ = 15 kO, 
Hig. 19-34b. The net resistance ?,„ of these two 1s 
... lL- _.... 13 
R 


+ . 
T. 50kO_ 15kO 150 kO ` 


SỐ ÑQa = 11.5 kO, Thís Ñca¿ = 11.5 kÕ isin series with R¿ = 15 kQO, so the total 
resistance Is now 26.5 kO (not the original 30 kO). Hence the current from 


the batfery 1s 
]= GÀ Ð 3.0 x 10A = 030mA 
26.5 kÒ l l l 
Then the voltage drop across ;, which 1s the same as that across the voltmeter, 
is (3.0 x 10A)(11.5 x 100) = 3.5V. [The voltage drop across ; is 
(3.0 x 10? A)(15 x 1039) = 4.5 V, for a total of 8.0 V.] IÝ we assume the metcr is 
accurate, 1t reads 3.5 V. In the original circuit, without the meter, Ñ¡ = ®; so the 
voltaøe across ¡ 1s half that of the battery, or 4.0 V. Thus the voltmeter, because 
Of 1ts Internal resistance, ø1ves a low reading. It is off by 0.5 V, or more than 10%. 


NOTE Often the sensifivify of a voltmeter 1s specified on 1ts face as, for example, 
10,000 O/V. Then on a 5.0-V scale, the voltmeter would have a resistance given by 
(5.0 V)(10,000 O/V) = 50,000 OÓ. The meter's resistance depends on the scale used. 


Voltmeter đề 
` 


FIGURE 19-32 A voltmeter Is a 
galvanometer In series with a resIStOr 
with hiph resistance, Ñser. 


FIGURE 19-33 Measuring current 
and voltage. 
a b C 


Rị ® 


@ÒPHvsics APPLIED 
Correcting ƒor meter resistance 


FIGURE 19-34 Example 19-17. 


a b € 
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quantity being measured 
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measured 
FIGURE 19-35 An ohmmeter. 
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Example 19—17 illustrates how seriously a meter can affect a circuit and g1ve 
a misleading reading. If the resistance of a voltmeter 1s much hipher than the 
Tesistance of the circuit, however, 1t will have little effect and 1s readings can be 
more accurate, at least to the manufactured precision of the meter, which for 
analog meters 1s typically 3% to 4% of full-scale deflection. Even an ammeter can 
1nterfere with a circuit, but the effect 1s minimal 1Ÿ i{s resistance 1s much less than 
that of the circuIt as a whole. For both voltmeters and ammeters, the more sensI- 
tive the galvanometer, the less effect it will have on the circuit. [A 50,000-O/V 
meter is far better than a 1000-O/V meter.] 

'Whenever we make a measurement on a circuit, to some degree we affect 
that circuit (Example 19—17). This is true for other types of measurement as well: 
when we make a measurement on a system, we affect that system 1n some way. 
On a temperature measurement, for example, the thermometer can exchange 
heat with the system, thus altering the temperature 1t 1s measurinz. If 1s Important 
to be able to make needed corrections, as we saw In Example 19—17. 


Other Meters 


The meters described above are for direct current. A dc meter can be modified 
to measure ac (alternating current, Section 18-7) with the addition of diodes 
(Chapter 29), which allow current to flow in one direction only. An ac meter can 
be calibrated to read rms or peak values. 

Voltmeters and ammeters can have several series or shunt resistOrs to offer a 
choice of range. Multimeters can measure voltage, current, and resistance. Some- 
times a multimeter is called a VOM (Volt-Ohm-Meter or Volt-Ohm-MIIIiammeter). 

An ohmmefer measures resistance, and must contain a battery of known 
voltage connected In ser1es fO a reSIStOT (Ñ) and to an ammeter which contains a 
shunt ¿¡ (Eig. 19—35). The resistor whose resistance 1s to be measured compleftes 
the circuit, and must not be connected 1n a circuit containing a voltage source. 
The needle deflection of the meter 1s Inversely proportional to the resistance. 
The scale calibration depends on the value oŸ 1ís serles resistor, which 1s 
changeable In a multimeter. Because an ohmmeter sends a current through the 
device whose resistance 1s to be measured, 1t should not be used on very delicate 
devices that could be damaged by the current. 


Digital Meters 


Digital meters (see Fig. 19—30b) are used In the same way as analog meters: they 
are Inserted directly into the circuit, in series, to measure current (Eig. 19—33b), 
and connected “outside,” in parallel with the circuit, to measure voltage (Fig. 19—33c). 

The Internal construction of digital meters 1s very different from analog 
meters. First, digital meters do not use a galvanometer, but rather semiconductor 
devices (Chapter 29). The electronic circuitry and digital readout are more 
sensifive than a galvanometer, and have less effect on the circuit to be meas- 
ured. When we measure dc voltages, a digital mefer”s resistance 1s very hiph, 
commonly on the order of 10 MO to 100 MO, (107-108 O), and doesn't change 
sigmficantly when different voltage scales are selected. A 100-MO digital meter 
draws very little current when connected across even a 1-MO resistance. 

The precision of digital meters is exceptional, often one part in 10! (= 0.01%) 
or better. This precision 1s not the same as accuracy, however. A precise meter of 
internal resistance 10 O will not give accurate results if used to measure a voltage 
across a 10Ÿ-O resistor——in which case it is necessary to do a calculation like that in 
Example 19-17. 


 Summary 


A device that transforms another type of energy Into electrical 
energy 1s called a source of emf. A battery behaves like a source 
of emf In serles with an infernal resistance. The emf is the 
potential difference determined by the chemical reactions In 
the battery and equals the terminal voltage when no current 1s 
drawn. When a current 1s drawn, the voltage at the battery”s ter- 
minals 1s less than is emf by an amount equal to the potential 
decrease ?r across the Internal resistance. 

'When resistances are connected in series (end to end in a 
single linear path), the equivalent resistance is the sum of the 
Iindividual resistances: 


*sq = (19-3) 
In a series combination, #¿q is greater than any component 
TeSIstance. 


'When resistors are connected 1n parallel, it is the reciprocals 
that add up: 


Rhì + R SP HƯếU 


.. Ị ` BE SN (19-4) 
Rsq RA. R 
In a parallel connection, the net resistance 1s less than any of 
the Individual resistances. 

Kirchhoff?s rules are useful in determining the currents and 
voltages In circuits. Kirchhoffs junction rule is based on conser- 
vation of electric charge and states that the sum of all currenfs 
entering any junction equals the sum of all currents leaving that 
Jjunction. The second, or loop rule, is based on conservation 
Of energy and states that the algebraic sum of the changes In 
potential around any closed path of the circuit must be Zero. 

'When capacitors are connected in parallel, the equivalent 
capacifance 1s the sum of the individual capacItances: 


Cca — C¡ SẼ C; SỊP” 20) 


(19-5) 


Questions 


'When capacitors are connected In series, I( 1s the recIprO- 
cals that add up: 


1 1 1 
Cca C C 


'When an ?C circuit containing a resistance # in series with 
a capacifance C 1s connected to a dc source of emf, the voltage 
across the capacItor rises pradually in time characterized by an 
exponential of the form (1 — e “*©), where the tỉme constant 

Tx = RC (19-7) 
1s the time 1t takes for the voltage to reach 63% of its maximum 
value. 

A capacitor discharging through a resistor 1s character1zed 
by the same time constant: In a time 7 = ÑC, the voltage across 
the capacitor drops to 37% of ifs Initial value. The charge on 
the capacitor, and the voltage across it, decrease as e 1⁄R€, 

Electric shocks are caused by current passing through the 
body. To avoid shocks, the body must not become part oŸ a 
complete circuit by allowing different parts of the body to touch 
objects at different potentials. Commonly, shocks are caused 
by one part of the body touching ground (W = 0) and another 
pArt touching a nonzero electric potential. 

An ammefer measures current. An analog ammeter consis(s 
of a galvanometer and a parallel shunt resistor that carrles most 
of the current. An analog voltmeter consists of a galvanometer 
and a series resistor. An ammeter 1s inserted izo the circuit 
whose current 1s to be measured. A voltmeter 1s external, being 
connected In parallel to the element whose voltage 1s to be mea- 
sured. Digital meters have øreater Internal resistance and affect 
the circuit to be measured less than do analog meters. 


(19-6) 


1. Explain why birds can sit on power lines safely, even 
thouph the wires have no insulation around them, whereas 
leaning a metal ladder up against a power line 1s extremely 
dangerous. 

2. Discuss the advanfages and disadvantages of Christmas tree 
lighfs connected in parallel versus those connected In ser1es. 

3. If all you have 1s a 120-V line, would 1t be possible to light 
several 6-V lamps without burning them out? How? 

4. Two liphtbulbs of resistance ®#¡ and Ñ; (R; > R) and a 
battery are all connected in series. Which bulb 1s brighter? 
'What If they are connected In parallel? Explain. 

5. Household outlets are often double outlets. Are these 
connected In series or parallel? How do you know? 

6. With two identical lightbulbs and two identical batteries, 
explain how and why you would arrange the bulbs and bat- 
terles In a circuit to øet the maximum possible total power 
to the lightbulbs. (Ignore internal resistance of batteries.) 

7. Iftwo Identical resIstors are connectfed In series to a battery, 
does the battery have to supply more power or less DOWer 
than when only one of the resistors 1s connected? Explain. 

§. You have a single 60-W bulb lit in your room. How does 
the overall resistance of your room's elecfric circuit change 
when you turn on an additional 100-W bulb? Explain. 

9. Suppose three Identical capacitors are connected to a battery. 
WIII they store more enerøy Iƒ connecfed in serles or 1n parallel? 


10. When applying Kirchhoffs loop rule (such as in Fig. 19—36), 
does the sign (or direction) of a battery's emf depend on 
the đirection of current through the battery? What about 
the terminal voltage? 


r=1.00 
Ù 


R=660 


FIGURE 19-36 


Question 10. 6=12V 


11. Different lamps might have batteries connected in either 
of the two arraneemenfs 
shown In Flg. 19—37. 
What would be the 
advantages of each 
scheme? 


FIGURE 19-37 
Question 11. (a) (b) 


12. For what use are bafteries connected In serles? For what 
use are they connected In parallel? Does 1t matter 1ƒ the 
batterIes are nearly Identical or not In either case? 


Ouestions B49 


13. 


14. 


15. 


16. 


Can the terminal voltage of a battery ever exceed 1s emf? 
Explain. 

Explain In detail how you could measure the Internal 
resistance of a batfery. 

In an C circuit, current flows from the battery until the 
capacitor 1s completely charged. Is the total energy sup- 
pled by the battery equal to the total energy stored by the 
capacitor? If not, where does the extra energy øo? 

Given the circuit shown 1n Eig. 19-38, use the words 
“increases,” “decreases,” or “stays the same” to complete 
the following statements: 

(a) If Ñ; increases, the potential difference between A and 


E . Assume no resistance in Ổ and #. 
(B) If Ñ; increases, the potential difference between A and 
E . Assume and % have resistance. 


(c) If Ñ; increases, the voltage drop across #¿ 

(đ) 1f R; decreases, the current through #¡ 

(e) If Ñ; decreases, the current 
throuph ®&s 

(7) Lf Rạ decreases, the Gireiit 
throuph ®: 

(ø) If Ñs increases, the YơiEage 
drop across R; 

(U) If Ñs increases, the volage. 
drop across Ñ¿ 

() If Ñ;, Rs, and Ñ; increase, 
%$(r=0) 


FIGURE 19-38 Ouestion 16. 
R;, R:, and ; are ariable 
resistors (you can chanee 
theïr resistance), øiven the 


symbol -#-. 


MisConceptual Questions 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


Design a circuit in which two different switches of the type 
shown In Hig. 19-39 can 


be used to operate the Z——.—_ 
same lightbulb from Tư 
Opposite sides oŸ a F XI v 
room. ` 
FIGURE 19-39 Wire 
Ouestion 17. 


'Why 1s it more dangerous to turn on an electric appliance 
when you are standing outside In bare feet than when you 
are Inside wearing shoes with thick soles? 


'What is the main difference between an analog voltmeter 
and an analog ammeter? 


'What would happen 1ƒ you mistakenly used an ammeter 
where you needed to use a voltmeter? 


Explain why an Ideal ammeter would have zero resIstance 
and an ideal voltmeter infinite resistance. 


A voltmeter connected across a resistor always reads /ss 
than the actual voltage (¡.e., when the meter 1s not present). 
Explain. 


A small battery-operated flashlight requires a single 1.5-V 
battery. The bulb 1s barely glowing. But when you take the 
battery out and check 1t with a digital voltmeter, 1t regIs- 
ters 1.5 V. How would you explain this? 


1. 


In which circuits shown 1n Eig. 19—40 are resistors connected 
1n Serles? 


2. 


FIGURE 19-40 MisConceptual Question 1. 


'Which resistors in Fig. 19-41 are connected in parallel? 
(2) AlI three. 

(5) Rị and 8. 

(c) R; and Ñ;. 

(4) Rị and &;. 

(c) None of the above. 


FIGURE 19-41 
MisConceptual Question 2. 
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3. 


A 10,000-Đ resistor 1s placed in series with a 100-Ó resIstOr. 
The current in the 10,000-Ó resistor 1s 10 A. TỶ the resistOrs 
are swapped, how much current flows through the 100-Ó 
T€SIStOT? 

(a)>10A. (b)<10A. (c)10A. 

(đ) Need more information about the circuit. 


Two identical 10-V batteries and two Identical 10-Ó resis- 
tors are pÏlaced In series as shown In Hg. 19-42. If a 10-0 
liphtbulb is connected with one end connected between 
the batteries and other end between the resistors, how 
much current will flow throupgh the lightbulb? 

(a)0A. 

(b)1A. 

(c)2A. 

(34A. 


FIGURE 19-42 MisConceptual Question 4. 


. 


5.  Which resistor shown in Eig. 19—43 has the greafest currenf 
going through 1t? Assume that all the resistors are equal. 
(a) Ñ\. (4) R:. 

(B) Rị and ®¿. (c) _AII of them the same. 

(c) R: and ®¿. 


11. The capacitor in the circuit shown in Eig. 19—47 1s charged 


to an initial value @. When the switch 1s closed, 1t discharges 
throuph the resistor. It takes 2.0 seconds for the charge to 
đrop to ; Q. How long does it take to drop to + @? 

(a) 3.0 seconds. 


Rị Ra Rụ () 4.0 seconds. 
(c) Between 2.0 and 3.0 seconds. 
(đ) Between 3.0 and 4.0 seconds. 
FIGURE 19-43 (e) More than 4.0 seconds. s 
MisConceptual tạ “ 
Tôệt hp FIGURE 19-47 C€ R 
MisConceptual 


6. Figure 19—44 shows three 1dentical bulbs in a circuit. What 
happens to the brightness of bulb A 1ƒ you replace bulb B 
with a short circuit? n 
(a) Bulb A gets brighter. 
(B) Bulb A gets dimmer. 
(c) Bulb A”s bripghtness C 
does not change. 
(đ) Bulb A goes out. 


FIGURE 19-44 B 
MisConceptual 
Question 6. V 


. When the switch shown in Fig. 19-45 1s closed, what will 
happen to the voltage across resistor &¿? It wIll 
(c) stay the same. 


(2) Increase. (b) decrease. 


FIGURE 19-45 
MisConceptual 
Ouestions 7 and 8. 


§. When the switch shown 1n Eig. 19-45 1s closed, what will 
happen to the voltage across resIstor ®;? It will 
(2) Increase. (b) decrease. (c) stay the same. 
. As a capacitor 1s being charged In an RC circuit, the current 
flowing through the resisfOr 1s 
(2) Increasing. (c) constant. 
(B) decreasing. (đ) zero. 
Eor the circuit shown 1n Eig. 19-46, what happens when the 
swifch S 1s closed? 
(z) Nothing. Current cannot flow through the capacitor. 
(b) The capacitor immediately charges up to the battery emf. 
(c) The capacitor eventually charges up to the full battery 
emf at a rate determined by # and C. 
(đ) The capacitor charges up to a fraction of the battery 
emf determined by and C. 
(c) The capacitor charges up to a fraction of the battery 
emf determined by 8 only. 


R 


FIGURE 19-46 
MisConceptual Question 10. +Í- 


Question 11. 


.„ Á TesIstor and a capacitor are used In series to control the 


timing In the circuit of a heart pacemaker. To design a pace- 

maker that can double the heart rate when the patient 1s 

exercising, which statement below 1s true? The capacItor 

(2) needs to discharge faster, so the resistance should be 
decreased. 

(5) needs to discharge faster, so the resistance should be 
1ncreased. 

(c) needs to discharge slower, so the resistance should be 
decreased. 

(đ) needs to discharge slower, so the resistance should be 
1ncreased. 

(e) does not affect the timing, regardless of the resistance. 


._ Why ¡s an appliance cord with a three-prong plug safer than 


one with two prongs? 

(a) The 120 V from the outlet is split among three wires, 
SO 1t Isn”t as hiph a voltage as when It is only split 
between twO WIres. 

(b) Three prongs fasten more securely to the wall outlet. 

(c) The third prong grounds the case, so the case cannot 
reach a high voltage. 

(đ) The third prong acts as a ground wire, so the 
electrons have an easler time leaving the appliance. As 
a result, fewer electrons build up in the appliance. 

(e) The third prong controls the capacitance of the 
appliance, so 1t canˆt build up a high voltage. 


.‹ When capacitors are connected in serles, the effective 


capacitance 1s the smallest capacitance; when 
capaciftors are connected In parallel, the effective capaci- 
tance 1s the largest capacitance. 

(4) greater than; equal to. (đ) equal to; less than. 

(b) greater than; less than.  (e) equal to; equal to. 

(c) less than; greater than. 


- lfammeters and voltmeters are not to significantly alter the 


quantities they are measuring, 

(a) the resistance of an ammeter and a voltmeter should be 
much hipher than that of the circuit element being 
measured. 

(B) the resistance of an ammeter should be much lower, 
and the resistance of a voltmeter should be much 
hipher, than those of the circuit being measured. 

(c) the resistance of an ammeter should be much higher, 
and the resistance of a voltmeter should be much 
lower, than those of the circuit being measured. 

(đ) the resistance of an ammeter and a voltmeter should 
be much lower than that of the circuit being 
measured. 

(e) None of the above. 


MisConceptual Ouestions BBT† 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Problems 


19-1 Emf and Terminal Voltage 


1. 


2. 


s: 


(D Calculate the terminal voltase for a battery with an 
1nternal resistance of 0.900 Ó and an emf of 6.00 V when 
the battery 1s connected 1n serles with (2) a 71.0-Ó resistOr, 
and (Đ) a 710-Ô resistor. 

(D Four 1.50-V cells are connected In serles to a 12.0-O lipht- 
bulb. If the resulting current 1s 0.45 A, what 1s the internal 
resistance of each cell, assuming they are identical and 
neglecting the resistance of the wires? 

(II) What 1s the internal resistance of a 12.0-V car battery 
whose terminal voltage drops to 8.8 when the starter 
motor draws 95 A? What is the resistance of the starter? 


19-2 Resistors in Series and Parallel 
[In these Problems neglect the Internal resistance of a battery 
unless the Problem refers to it.] 


4. 


= 


bi 


10. 


11. 


13. 


14. 


(DA 650-Ð and an 1800-O resistor are connected in series 
with a 12-V battery. What 1s the voltape across the 1800-Ó, 
TesIstor? 


. () Three 45-O lightbulbs and three 65-O lightbulbs are 


connected ïn serles. (z) What 1s the total resistance of the 
circuit? (b) What ¡s the total resistance 1Ÿ all six are wired 
1n parallel? 

(H) Suppose that you have a 580-O, a 790-Ó, and a 1.20-kO 
resistor. What is () the maximum, and (ð) the minimum 
resistance you can obtain by combining these? 

(ID How many 10-O resistors must be connected ïn series 
tO ø1ve an equivalent resistance to five 100-O resIstors con- 
nected In parallel? 


. (H) Design a “voltage divider” (see Example 19-3) that 


would provide one-fifth (0.20) of the battery voltaee across #› , 
Fig. 19-6. What is the ratio ®¡/Rạ? 


. (1) Suppose that you have a 9.0-V battery and wish to apply 


a voltage of only 3.5 V. Given an unlimited supply of 1.0-O 
resistors, how could you connect them to make a “voltage 
divider” that produces a 3.5-V oufput for a 9.0-V input?2 
(II) Three 1.70-kO resistors can be connected together in 
four different ways, making combinations of serles and/or 
parallel circuits. What are these four ways, and what 1s the 
net resistance 1n each case? 

I) A battery with an emf of 12.0 V shows a terminal voltage 
of 11.8V when operating in a circuit with two lightbulbs, 
each rated at 4.0W (at 12.0 V), which are connected in 
parallel. What is the battery”s Internal resistance? 

(II) Eight identical bulbs are connected in series across a 
120-V line. (2) What is the voltage across each bulb? (5) If 
the current is 0.45 A, what ¡s the resistance of each bulb, 
and what is the power dissipated In each? 

(I) Eight bulbs are connected in parallel to a 120-V source 
by two long leads of total resistance 1.4 Ô. If210 mA flows 
throuph each bulb, what 1s the resistance of each, and what 
fraction of the total power 1s wasted in the leads? 

(I) A close Iinspection of an electric circuit reveals that 
a 480-Ó resistor was Inadvertently soldered in the place 
where a 350-Ô resistor ¡s needed. How can this be fixed 
without removing anything from the exIsting circuit? 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


(I) Eight 7.0-W Christmas tree liphfs are connected in 
series fo each other and to a 120-V source. What 1s the 
resistance of each bulb? 

(H) Determine (2z) the equivalent resistance of the circuIt 
shown in Eig. 19—48, (5) the voltase across each resistor, and 


(c) the current through 
each resIstOr. 
750 Q 680 O 990 OQ 
FIGURE 19-48 


Problem 1ó. 120V 


qI) A 75-W, 120-V bulb 1s connected ¡in parallel with a 
25-W, 120-V bulb. What 1s the net resistance? 

(T) (a) Determine the equivalent resistance of the “ladder” 
of equal 175-Ô resistors shown im Eig. 19—49. In other words, 
what resistance would an ohmmeter read 1ƒ connected between 
points A and B? (5) What is the current through each of the 
three resistors on the left If a 50.0-V battery 1s connected 


between points A and B? 
R R R 


Ao 
R 
R 
Bo 


(II) What ïs the net resistance of the circuit connected to the 
battery in Eig. 19—50? 


FIGURE 19-49 
Problem 18. 


B C R 


FIGURE 19-50 
Problems 19 and 20. R A 
(HT) Calculate the current throuph each resistor in Eig. 19—50 


1ƒ each resistance Ñ = 3.25 kQO and V = 12.0V. What 1s 
the potential difference between points A and B? 
(HH) Two resistors when connected In series to a 120-V line 
use one-fourth the power that is used when they are con- 
nected In parallel. If one resistor 1s 4.8 kO, what 1s the 
resistance of the other? 
(HT) Three equal resistors () are connected to a battery 
as shown in Fig. 19-51. Qualitatively, what happens to 
(a) the voltage drop across each of these resistors, (5) the 
current flow through each, and (c) the terminal voltase of 
the battery, when the switch S is opened, after having been 
closed for a long time? (đ) If the emf of the battery 1s 9.0 V, 
what ïs 1ts terminal voltaøe when the switch 1s closed 1ƒ the 
Iinternal resistance r is 0.50 Ó and # = 5.502 (e) What 1s 
the terminal voltage 
when the switch 1s 
open? s= 

r R R 


FIGURE 19-51 
Problem 22. 


23. (HI) A 2.5-kO and a 3.7-kQ resistor are connected in 


24 


FIGURE 19-52 
Problem 24. 


parallel; this combination 1s connected In series with a 
1.4-kO resistor. If each resistor is rated at 0.5 W (maximum 
without overheating), what ¡is the maximum voltage that 
can be applied across the whole network? 

(HI) Consider the network of resistors shown In Eig. 19—52. 
Answer qualitatively: (z) What happens to the voltage across 
each resistor when the swi(ch S is closed? (b) What happens 
to the current through each when the switch 1s closed? 
(c) What happens to the power oufput of the battery when 
the switch 1s closed? (3) Let Ñị = Ñ¿ = Ñ: = Ñ¿ = 1550 
and ƒ = 22.0 V. Determine the current through each resIs- 
tor before and after closing the swi(ch. Are your qualitative 
predictions confirmed? 


19-3 Kirchhoffs Rules 
25. () Calculate the current in the circuit of Fig. 19-53, and 


26. 


21. 


28 


show that the sum of all the 


r=209 
voltage changes around the 
CITCUIf 1S ZerO. 90V 
95@ 
FIGURE 19-53 
Problem 25. 14.09 


(H) Determine the terminal voltase of each battery in 
Fig. 19-54. 


r=200 


6 =I8V 
R=48O 


r=1.00 


FIGURE 19-54 
Problem 26. 


(T) For the circuit shown in Eig. 19—55, find the potential 
FIGURE 19-55 


diference between points a R 
15V 
R R 
R 15V 
Problem 27. b 


and b. Each resistor has 

R= 16009 and each bat- 

tery 1s 1.5 V. 

(H) Determine the magnitudes and directions of the 
currenfs in each resistor shown 1n Elg. 19—56. The batteries 
have emfs of %„ = 9.0 V and % = 12.0 V and the resistors 
have values of ®¡ = 250, Ñs¿ = 680, 

and 8s = 35 O. () Ignore internal 

resistance of the batferies. (b) Assume 


@=12V 


29. (II) (z) What ¡s the potential difference between poinfs a 


30. 


and dĩn Fig. 19-57 (similar to Fig. 19—13, Example 19—8), 
and (b) what is the 


: 340 h 
termimnal voltage 
Of each battery? 
h 
a d 
È 189 
FIGURE1957 |Í_ 
Problem 29. ẽ f e 
(I) Calculate the magnitude and direction of the currents 


1n each resistor of Eig. 19—58. 


5.8 V 25 


1200 


FIGURE 19-58 


Problem 30. 


3í. (I) Determine the magnitudes 


32 


33 


34 


Kị 
cach battery has Internal resistance ì R¿ 
r = 1.09. 
& R 
FIGURE19-56 3 35. 
Problem 28. 


740 


Wị=9.0V K¡=220 
and dđirections of the currenfs 
through #¡ and R8 In Hg. 19-59. 


FIGURE 19-59 
Problems 31 and 32. 


(T Repeat Problem 31, now assuming that each battery 
has an internal resistance r = 1.4 Ô. 

MT) (2) A network of five equal resistors # is connected to 
a batfery '6 as shown In Fig. 19—60. Determine the current 7 
that flows out of the 
battery. (5) Use the 
value  determined 
for Ïƒ to fnd the 
single resistor Ñcq 
that 1s equivalent 
to the Íive-resIS(OT 
network. 


FIGURE 19-60 
Problem 33. IS 


(HI) (z) Determine the currenfts 7, 72, and 7s in Fig. 19—61. 
Assume the Iinternal resistance 
of cach battery 1s 
r = 1.00. (b) What ïs 
the terminal voltage 


Of the 6.0-V battery? 29 


129 


119 16 @ 


FIGURE 19-61 


Problems 34 and 35. 6.0 V 


———— 

h 
(TT) What would the current 7¡ be in Eig. 19—61 if the 12-O 
Tesistor 1s shorted out (resistance = 0)? Let r = 1.0. 


593 


Problems 


19-4 Emfs Combined, Battery Charging 
36. (II) Suppose two batteries, with unequal emfs of 2.00 V and 


R=4000 


3.00 V, are connected as shown 
in Eig. 19-62. If each internal 
resistance is r = 0.3500, and 
R = 4000, what 1s the voltage 
across the resistor #? 


FIGURE 19-62 


Problem 36. %$=3.00V7 


37. ( A battery for a proposed electric car 1s to have three 
hundred 3-V lithium ion cells connected such that the total 
voltage across all of the cells is 300V. Describe a possible 
connection configuration (using series and parallel con- 
nections) that would meet these battery specifications. 


19-5 Capacitors in Series and Parallel 

38. ( (4) Six 4.8-uF capacitors are connected ¡n parallel. 
'What ïs the equivalent capacitance? (b) What 1s their equiva- 
lent capacitance 1ƒ connected In series? 


39. (I)A 3.00-E and a 4.00-F capacifor are connecfed In serIes, 
and this combination 1s connected In parallel with a 2.00-F 
capacitor (see Fig. 19—63). What is the net capacitance? 


40. (ID If 21.0V 1s applied across | | 
the whole network of Eig. 19-63, LG = 
]— JN 


calculate (2) the voltage across 3.00E_ 4.00 uF 
each capacitor and (b) the charge l l 
on each capacitor. 


FIGURE 19-63 
Problems 39 and 40. 


4i. (II) The capacitance of a portion of a circuif is to be reduced 
from 2900 pF to 1200 pE. What capacitance can be added to 
the circuit to produce this effect without removing exIsting 
circuit elements? Must any existing connections be broken 
to accomplish this? 


42. (II) An electric circuit was accidentally constructed using 
a 7.0-uE capacitor instead of the required 16-F value. 
Without removing the 7.0-F capacitor, what can a techni- 
cian add to correct this circuit? 


43. (II) Consider three capacitors, of capacitance 3200 pE, 
5800 pE, and 0.0100 „E. What maximum and mininum 
capacitance can you form from these? How do you make 
the connection 1n each case? 

44. (II) Determine the equivalent capacitance between 
points a and b for the combination of capacItors shown In 
Fig. 19—64. 


FIGURE 19-64 
Problem 44. C Ca 
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45. (II) What is the ratio of the voltage Wị¡ across capacItor C¡ 
in Hg. 19—65 to the voltage W; across capacitor C;? 


FIGURE 19-65 
Problem 45. 


46. (1U A 0.50-E and a 1.4-F capacitor are connected In series 
to a 9.0-V battery. Calculate (2) the potential difference 
across each capacitor and (b) the charge on each. (c) Repeat 
parts (z) and (b) assuming the two capacitors are in parallel. 
(H) A cireuit contains a single 250-pF capacitor hooked 
across a battery. It is desired to store four times as much 
energy In a combination of two capacitors by adding a 
single capacifor to this one. How would you hook it up, and 
what would its value be? 
(TT) Suppose three parallel-plate capacitors, whose plates 
have areas 4:, 4, and 4z and separations đ;, đ;, and đ:, 
are connected in parallel. Show, using only Eq. 17-8, that 
Eq. 19-5 1s valid. 
(H) Two capacitors connected in parallel produce an 
equivalent capacitance of 35.0 „F but when connected 1n 
series the equivalent capacitance 1s only 4.6 F. What 1s 
the individual capacitance of each capacitor? 
(H) Given three capacitors, Cị = 2.0E, Cạ = 1.5 HE, 
and Œ = 3.0 F, what arrangement of parallel and serles 
connections with a 12-V battery will give the minimum 
voltage drop across the 2.0-wEF capacitor? What is the 
minimum voltage drop? 
(HH) In Hg. 19-66, suppose C¡ = Œạ = Œạ = Œ¿ = C. 
(2) Determine the equivalent capacitance between poïnts a 
and b. (b) Determine the charge C 
a 


lôi 

on each capacitor and the potential h : 
đifference across each In terms 

Of V. 

Ca 
C¡ 
Problem 51. lẻ b 
19-6 RC Circuits 


52. ( Estimate the value of resistances needed to make a 
variable timer for Iintermittent windshield wipers: one 
wipe every 1Š s, 8 s, 4s, 2 s, I s. Assume the capacifor used 1s 
on the order of 1 „E. See Hg. 19—67. 


47 


48 


. 


49 


50 


51 


FIGURE 19-66 | 


FIGURE 19-67 
Problem 52. 


53. (II) Electrocardiographs are often connected as shown in 


FIGURE 19-68 


Eig. 19—68. The lead wires to the legs are said to be capac- 
1tively coupled. A time constant of 3.0s 1s typical and 
allows rapid changes in potential to be recorded accurately. 
If C = 3.0 E, what value must  have? [Himr: Consider 
each leg as a separate circuIt.] 


To left-leg 
electrode 


——— 
lôi 


To right-leg 
electrode 
(ground) 


C 
mm Tì lectrod 
Problem S3. — | k2 2)22 2ãả2: 


54. (II) In Eig. 19-69 (same as Eig. 19—20a), the total resistance 


5. 


S6. 


57 


FIGURE 19-71 
Problem 57. 


1s 15.0 kOÓ, and the battery's emf is 24.0 V. If the time con- 
stanf 1s measured to be 18.0 s, calculate 


(2) the total capacitance of the circuit and ; 
(P) the time ït takes for the voltaøe across 
the resistor to reach 16.0 V after the switch 
: $ C 
1s closed. 
FIGURE 19-69 [_ | 
Problem 54. S 


(I) Two 3.8-„F capacitors, two 2.2-kO resistors, and a 
16.0-V source are connected in series. Starting from the 
uncharged state, how long does It take for the current to 
drop from 1ts initial value to 1.50 mA? 


(IH) The &C circuit of Fig. 19—70 (same as Eig. 19—21a) has 
R=8/kO and C = 3.0FE. 
The capacitor 1s at voltage Vụ at 
=0, when the swich 1s 
closed. How long does 1t take 
the capaciItor to discharge to 
0.25% of its imitial voltase? 


FIGURE 19-70 
Problem 56. 


(II) Consider the circuit shown ĩn Fig. 19-71, where all 
resistors have the same resistance ®. At / = 0, with the 
capacitor C uncharged, the switch ¡is closed. () At f = 0, 
the three currents can be determined by analyzing a 
simpler, but equivalent, circuit. Draw this simpler circuIt 
and use ït to find the values of 7¡, 7, and ? at ƒ = 0. (ð) At 
f = œo, the currents can be determined by analyzing a sim- 
pler, equivalent circuit. Draw this simpler circuit and 
1mplement it in finding the values of 7¡, ?;, and J at f = oo. 
(c) Atf = co, what 1s the potential difference across the 
capacitor? 


58. (II) Two resistors and two unchareed capacitors are arranged 
as shown In Eig. 19-72. Then a potential difference of 24 V 
1s applied across the combination as shown. (2) What is the 
potential at point a with switch S open? (Let Wƒ = 0 at the 
negative terminal of the source.) (5) What is the potential at 
point b with the switch 
open? (c) When the 
swlfch 1s closed, what 
1s the final potential of 
ponmt b? (2) How much 
charge flows through 
the switch S after 1t 1s 
closed? 


FIGURE 19-72 
Problem 58. 


19-8 Ammeters and Voltmeters 


59. (I) (a) An ammeter has a sensitivity of 35,000 O/V. What 
current in the galvanometer produces full-scale deflection? 
(b) What is the resistance of a voltmeter on the 250-V scale 
1ƒ the meter sensitivity ¡is 35,000 O/V? 


60. (II) An ammeter whose internal resistance 1s 53 Ö reads 
5.25 mA when connected ïn a circuit confaining a battery and 
fWO TesIs(Ors In series whose values are 720 O and 480 Ô. 
'What Is the actual current when the ammeter 1s absent? 


6í. (II A milliammeter reads 35 mA full scale. It consists of a 
0.20-O resistor in parallel with a 33-O galvanometer. How 
can you change this ammeter to a voltmeter giving a full-scale 
reading of 25 V without taking the ammeter apart? What 
will be the sensitivity (O/V) of your voltmeter? 


62. (I) A galvanometer has an Internal resistance of 32 Ó and 
deflects full scale for a 55-„A current. Describe how to use 
this galvanometer to make () an ammeter to read currents 
up to 25 A, and (0) a voltmeter to g1ve a full-scale deflection 
of 250 V. 


63. (HI) A battery with % = 12.0V and internal resistance 
r = 1.0Ó 1s connected to two 7.5-kÔ resistors In series. An 
ammeter of internal resistance 0.50 Q measures the current, 
and at the same time a voltmeter with internal resistance 
15 kÕ measures the voltage across one of the 7.5-k© resIs- 
tors In the circuit. What do the ammeter and voltmeter read? 
What is the % “error” from the current and voltage wi/houf 
meters? 


64. (HI) What ¡nternal resistance should the voltmeter of 


Example 19—17 have to be In error by less than 5%? 


65. (III) Two 9.4-kO resistors are placed In series and connected 
to a battery. A voltmeter of sensitivity 1000 O/V is on the 3.0-V 
scale and reads 1.9 V when placed across eIther resistor. What 


1s the emf of the battery? (Ignore its internal resistance.) 


(II) When the resistor In Eig. 19-73 1s 35 O, the hiph- 
resistance voltmeter reads 9.7 V. When # is replaced by a 
14.0-O  resistor, the voltmeter 

reading drops to 8.1 V. 

'What are the emf and 

Internal resistance of 

the battery? 


66 


FIGURE 19-73 r 
Problem 66. 


Problems  BBB 


 General Problems 


617. 


68. 


69. 


70. 


71. 


Suppose that you wish to apply a 0.25-V potential difference 
between two poinfs on the human body. The resistance 1s 
about 1800 O, and you only have a 1.5-V battery. How can 
you connect up one or more resistors to produce the desired 
voltage? 


A three-way lighfbulb can produce 50 W, 100W, or 150W, 
at 120V. Such a bulb contains two filaments that can be 
connected to the 120 V individually or in parallel (Hg. 19—74). 
(2) Describe how the 
connecfions to the 
two filaments are 
made to give each of 
the three wattages. 
(b) What must be the 
resistance of. each 
filament? 


FIGURE 19-74 
Problem 68. 


'What are the values of effective capacitance which can be 
obtained by connecting four identical capacitors, each 
having a capacitance C? 


Electricity can be a hazard in hospitals, particularly to 
patlents who are connected to electrodes, such as an ECG. 
Suppose that the moftor ofa motor1zed bed shorts out to the 
bed frame, and the bed frame”s connection to a ground has 
broken (or was not there ¡n the first place). Ifa nurse touches 
the bed and the patient at the same time, the nurse becomes 
a conductor and a complete circuit can be made through the 
patlent to ground through the ECG apparatus. This 1s shown 
schematically in Hg. 19—75. Calculate the current through the 
patilent. 


Nurse Patient 


ECG 
apparaftus 
(low ®) 


FIGURE 19-75. Problem 70. 


A heart pacemaker is desiened to operate at 72 beats/min 
using a 6.5-E capacitor in a simple #C circuit. What value of 
resistance should be used if the pacemaker is to fire (capac- 
1tor discharge) when the voltase reaches 75% of maximum 
and then drops to 0 V (72 times a minute)? 
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72. 


73. 


74 


vơi 


76. 


Nà 


78. 


Suppose that a person”s body resistance 1s 950 () (moist skin). 
(a) What current passes through the body when the person 
accidentally is connected to 120 V? (6) If there 1s an alterna- 
tive path to ground whose resistance 1s 25 @, what then 1s 
the current through the body? (c) If the voltage source can 
produce at most 1.5 A, how much current passes throuph the 
person in case (b)? 

One way a multiple-speed ventilation fan for a car can be 
designed 1s to put resistors In series with the fan motOr. 
The resistors reduce the current through the motor and 
make it run more slowly. Suppose the current in the mofor 
1s 5.0 A when If is connected directly across a 12-V battery. 
(a) What serles resistor should be used to reduce the 
current to 2.0 A for low-speed operation? (b) What power 
rang should the resistor have? Assume that the motOr”S 
resistance 1s roughly the same at all speeds. 

A Wheatstone bridge is a type of “bridge circuit” used to 
make measurement(s of resistance. The unknown resistance 
to be measured, y, 1s placed In the circuit with accurately 
known resistances #¡, &;, and #: (Fig. 19—76). One of these, 
Ñs, 1s a variable resistor which 1s adjusted so that when the 
switch is closed momentarily, the ammeter  shows zero 
current flow. The bridge 1s then said to be balanced. 
(a) Determine #y in terms of #\, Ra, 

and ®. (b) If a Wheatstone 

bridge 1s “balanced” 
when  ®¡ = 5900, 
Rạ= 0720, and 
Ña = 78.60, what 
1s the value of the 
unknown resistance? 


FIGURE 19-76 
Problem 74. 
Wheatstone bridge. 


The internal resistance of a 1.35-V mercury cell is 0.030 O, 
whereas that of a 1.5-V dry cell is 0.35 O. Explain why 
three mercury cells can more effectively power a 2.5-W 
hearing aid that requires 4.0 V than can three dry cells. 
How many š-W resistors, each of the same resistance, must 
be used to produce an equivalent 3.2-kO, 3.5-W resistor? 
What is the resistance of each, and how must they be 
connected? Do not exceed P = ÿW in each resistor. 

A solar cell, 3.0cm square, has an output of 350mA at 
0.50 V when exposed to full sunlipht. A solar panel that 
delivers close to 1.3 A of current at an emf of 120 V to an 
external load is needed. How many cells will you need to 
create the panel? How bịg a panel will you need, and how 
should you connect the cells to one another? 

The current through the 4.0-kO resistor in Fig. 19—77 1s 
3.10mA. What is the 4.0 kQ 
terminal voltase Vba of 

the “unknown” battery? 
(There are two answers. a 
Why?) 


FIGURE 19-77 
Problem 78. 


79. A power supply has a ñxed output voltage of 12.0 V, but you 


80 


8 


82 


83 


84 


need Mr = 3.5V output for an experiment. (a) Using the 
voltage divider shown in Eig. 19-78, what should ®; be If Rị 
1s 14.5 O? (b) What wIll the terminal voltage Wr be If you 
connect a load to the 3.5-V 
output, assuming the load 
has a resistance of 7.0 Ô2 


12.0V 


FIGURE 19-78 
Problem 79. 
A battery produces 40.8 V when 8.40 A 1s drawn from 1t, 
and 47.3 V when 2.80 A 1s drawn. What are the emf and 
1nternal resistance of the battery? 


In the circuit shown in Eig. 19—79, the 33-Ó resistor dissi- 


pates 0.80 W. What 1s 6§ Q 
the battery voltage? 
330 
FIGURE 19-79 85 
Problem SI. 


For the circuit shown ¡in Eig. 19-80, determine (ø) the 
current through the 16-V battery and (b) the potential 
difference between 10 kQ I3kOQ p 
poimts a and b, 
"Mất *= Miu 


16V 


FIGURE 19-80 
Problem 82. 


The current through the 20-Ó resistor in Fig. 19-81 does 
not change whether the two switches Š¡ and §; are both 
open or both closed. 20Q 
Use thís clue to 

determine the value 

of the unknown 

resistance #. 


12V 


500 
FIGURE 19-81 
Problem 83. 6.0 V 


(a) What is the equivalent resistance of the circuit shown in 
Fig. 19-82? [Hini: Redraw the circuit to see series and 
parallel better.] (b) What 1s the current in the 14-Ó resis- 
tor? (c) What is the current in the 12-Ó resistor? (đ) What 
1s the power dissipation In the 4.5-Ô resistor? 


120 
149 


FIGURE 19-82 


Problem 84. 


4.50 


85. (z)A voltmeter and an ammeter can be connected as shown 


1n Eig. 19-83a to measure a resistance #. If W 1s the voltmeter 
reading, and 7 ¡s the ammeter reading, the value of # will not 
quite be W/7 (as in Ohms law) because some current øOes 
through the voltmeter. Show that the actual value of R 1s 

1 _ 1 1 

R V Ry 
where #y ¡s the voltmeter resistance. Note that & % WV/1 ïf 
Ñy >> R. (b) A voltmeter and an ammeter can also be 
connected as shown In HIig. 19—-83b to measure a resistance ®. 
Show In this case that 

R = T = R A2 
where V and 7ƒ are the voltmeter and ammeter readings and 
Ñạ 1s the resistance of the ammeter. Note that # + V/1 If 


RA << R. 
l1 Ta 
(A}+w NH(A) 
FIGURE 19-83 
Problem 85. (a) (b) 


$6. The circuit shown in Eig. 19-84 uses a neon-filled tube as in 


87. 


88 


Fig. 19-23a. This neon lamp has a threshold voltage Wọ for 
conduction, because no current flows until the neon gas In the 
tube 1s Ion1zed by a sufficiently strong electric ñeld. Once the 
threshold voltage 1s exceeded, the lamp has negligTble resIs- 
tance. The capacitor stores electrical energy, which can be 
released to flash the lamp. Assume that € = 0.150 E, 
R = 2435 x 100, Vụ = 90.0 V,and'6 = 105 V. (4) Assum- 
¡ng the circuit is hooked up to the emf at time / = 0, at what 
time wIll the light first flash? (5) If the value of # is increased, 
will the time you found in part (2) Increase or decrease? 
(c) The flashing of the lamp ¡s very brief. Why? (đ) Explain 
what happens after the lamp 
flashes for the first time. 


R 


FIGURE 19-84 
Problem 66. 


A flashlight bulb rated at 2.0W and 3.0 V 1s operated by 
a 9.0-V battery. To light the bulb at 1ts 

rated voltage and power, a resIstOr ® 1s 

connected ïn series as shown 
in Eig. 19-85. What value 
should the resistor have? 


FIGURE 19-85 
Problem 87. 


In Eig. 19-86, let ƒ = 10.0 V and CC = Cạ = Œ = 25.4 MF. 
How much energy is stored In the capacitor network 
(2) as shown, (b) 1ƒ the capacitors were all in series, and 
(c) 1f the capacitors were all in parallel? 


90V 


Cì 
CC: 
— 
FIGURE 19-86 
Problem 88. a V b 
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General Problems 


89. A 12.0-V bafttery, twO resistors, and fWO capacifOrs are 
connected as shown in Hig. 19-87. After the circuit has 
been connected for a long time, what 1s the charge on each 
capacitor? 


1.3 kQ 


12.0 V 3.3 kQ 12 uF 48 ME 


FIGURE 19-87 Problem 69. 


90. Determine the current in each resistor of the eIrcuit shown 
1n Fig. 19-88. 


+ 
12.00 V 5 


FIGURE 19-88 xÍ- 
Problem 90. 5.00 V 6.80 O 


9í. How much energy must a 24-V battery expend to charge 
a 0.45-wE and a 0.20-„E capacitor fully when they are 
placed (z) in parallel, (b) in series? (c) How much charge 
flowed from the battery in each case? 


92. Two capacitors, C¡ = 2.2¿F and Œ; = 1.2F, are con- 
nected In parallel to a 24-V source as shown 1n Eig. 19—89a. 
After they are charged they are disconnected from the 
source and from each other, and then reconnected directly 
to each other with 
plates of opposite sign 


connected  together 24w lôi t0. +; SÁ 
(see Fig. 19-89b). Eind -Ơ;y -Ó; 
the charge on each 

capacitor and the (a) Initial configuration. 


potential across each 
after equilibrium 1s 
established (Eig. 19—80c). 


ồ |xoi -0;| ¿ 
'Ƒe +0;] : 


(b) At the instant of reconnection only. 


4¡ L¿, 
mi | |” 


FIGURE 19-89 
Problem 92. (c) Later, after charges move. 
93. The switch S in Eig. 19-90 1s CỊ 


connected downward so that capaci- 
tor Cạ becomes fully charged by the 
battery of voltage Vụ. If the switch 1s 


then connected upward, determine S 
the charge on each capacItor after —” 
the switching. G 

FIGURE 19-90 

Problem 93. Vọ 
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94. 


95 


96 


97, 


The performance of the starter circuit in a car can be sipmIf- 
1cantly degraded by a small amount of corrosion on a battery 
terminal. FEigure 19-91a depicts a properly functioning 
circuit with a battery (12.5-V emf, 0.02- internal resistance) 
attached via corrosion-free cables to a starter motor of 
resistance #s = 0.15 O. Sometime later, corrosion between 
a battery terminal and a starter cable Introduces an extra 
Serles resistance of only 
Rc= 0100 into the 
Circuit as suggested in 
Fig. 19-91b. Let ?ụ be 
the power delivered to 
the starter In the circuIt 
free oŸ corrosion, and 
let P be the power 
delivered to the circuIt 
with corrosion. Determine 
the ratio P/h. 


FIGURE 19-91 
Problem 94. (b) 


Rẹ=0.15 Q 


The variable capacitance of an old radio tuner consists Of four 
plates connected together placed 
alternately between four other plates, 
also connected together (Eig. 19—92). 
Each plate is separated from 1s neiph- 
bor by 1.6 mm of air. One set of plates 
can move so that the area of overlap 
of each plate varies from 2.0 em” to 
9.0 cm”. (4) Are these seven capacitOrs 
connected 1n serles or In parallel? 
(5) Determine the range of capaci- 


tance values. 
FIGURE 19-92 
Problem 95. 


A 175-pE capacItor 1s connected in series with an unknown 
capacifor, and as a series combination they are connected 
to a 25.0-V battery. If the 175-pF capacitor stores 125 pC 
of charge on 1ts plates, what is the unknown capacitance? 


In the circuit shownn Eig. 19—93, C¡ = 1.0 ,E, Cạ = 2.0 HE, 
Cs = 2.4E, and a voltage Vạp = 24V 1s applied across 
points a and b. After C} is fully charged, the switch is thrown 
to the ripht. What is the final charge and potential differ- 
ence on each capacitor? 


. = 
a 

C 
FIGURE 19-93 R5 -L 
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Í. Compare the formulas for resistors and for capacitors when 
connected In series and In parallel by filling in the Table below. 
Discuss and explain the differences. Consider the role of 
voltage V 


Tu 


C 


cq 


Series 


Parallel 


2. FII in the Table below for a combination of two unequal 
TesIistOrs Of resistance ¡ and ®;. Assume the electric poten- 
tial on the low-voltasge end of the combination 1s V volts 
and the potential at the hiph-voltaøe end of the combination 
1S Vp volts. First draw diagrams. 


Resistorsin | Resistorsin 
Property Series Parallel 
Equivalent resistance 
Current through equivalent 
TesIs(ance 
Voltage across equivalent 
resIstance 
'Voltage across the palr of 
T€SIS{OTS 
'Voltage across each resIstOr Mị = Mị = 
V; = Mà = 
Voltage at a point between Notapplicable 
the resIstOTS 
Current through each resistor | Ï¡ = h= 
+ ¬ 1 = 


3. Cardiac defibrillators are discussed in Section 17-9. 
(a) Choose a value for the resistance so that the 1.0-F capaci- 
tor can be charged to 3000 V in 2.0 seconds. Assume that 
this 3000 V is 95% of the full source voltage. (b) The effective 
resistance of the human body 1s given In Section 19-7. 
Tf the defibrillator discharges with a time constant of 10 ms, 
what 1s the effectIve capacitance of the human body? 


ANSWERS TO EXERCISES 


Á: 6O and 25 O. 

B: (0). 

€: (z) 60-W bulb; (5) 100-W bulb. [Can you explain why? 
In (2), recall P = /^ˆR.] 

: 4L; — 45 + 217; — 80 = 0. 

180 A; this high current throuph the batteries could cause 

them to become very hot (and dangerous—possibly 

exploding): the power dissipated in the weak battery 

would be P = /'r = (180 A)?(0.10) = 3200 WI 


mv 


4. A pofenfiomefer 1s a device to precisely measure potential 
differences or emf, using a null technique. In the simple 
potentiometer circuit shown In Fig. 19-94, Ñ” represents 
the total resistance of the resistor from A to B (which could 
be a long uniform “slide” wire), whereas Ñ represents the 
resIstance of only the part from A to the movable contact 
at C. When the unknown em to be measured, 6y, is placed 
1nfo the circuit as shown, the movable contact C is moved 
unti the galvanometer G gives a null reading (1.e., zero) 
when the switch S 1s closed. The resistance between A and C 
for this situatlon we call ®y. Next, a standard emf, %,, 
which 1s known precisely, 1s Inserted into the circuit in place 
of 6y and again the conftact C 1s moved until zero current 
flows through the galvanometer when the switch S is closed. 
The resistance between A and C now 1s called &;. Show 
that the unknown emf 


ban Working 
1S øIven by 


battery 


where #y, ®s, and %s 

are all precisely 
known. The working 
baftery 1s assumed to A 
be fresh and to gIve a 
constant voltage. 


FIGURE 19-94 
Potentiometer circuit. 
Search and Learn 4. ` 


5. The circuit shown In Eig. 19-95 1s a primitive 4-bit digifal- 
to-analog converfer (DAC). In this circuit, to represent 
cach digit (2”) of a binary number, a “1” has the ø'h switch 
closed whereas zero (“0”) has the switch open. For 
example, 0010 1s represented by closing switch ø = 1, 
while all other switches are open. Show that the voltage V 
across the 1.0-Ó resistor for the n=0 
binary numbers 0001, 0010, 
0100, and 1001 (which in 
decimal represent 1, 2, 4, 9) 
follows the pattern that 
you expect for a 4-bit DẠC. 
(Section 17—10 may help.) 


16.0 kQ 


FIGURE 19-95 


Search and Learn 5. E—V—>*| 


(2). 
: 500 k9, 


ni 


Search andLearn BB9 


Magnets produce magnetic fields, 
but so do electric currents. Compass 
needles are magnets, and they align 
along the direction of any magnetic 
field present. Here, the compasses 
show the presence (and direction) 
ofa magnetic field near a current- 
carrying wire. We shall see in this 
Chapter how magnetic field 1s 
defined, and how magnetic fields 
exert forces on electric currents and 
on charged particles. We also discuss 
useful applications of the Interaction 
between magnetic fields and electric 
currenfs and moving electric charges, 
such as motors and loudspeakers. 
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Magnetism 


CHAPTER-OPENING QUESTION—Guess now! 
'Which of the following can experience a force when placed in the magnetic field 
ofa magnet? 
(a) An electric charge at rest. 
(b) An electric charge moving. 


(e) An electfric currenf In a WIre. 
(đ) Another magnet. 


Asia Minor known as Magnesia, rocks were found that could attract each 
other. These rocks were called “magnets” after their place of điscovery. 
Not until the nineteenth century, however, was 1t seen that magnetism and 
electricity are closely related. A crucial discovery was that electric currents produce 
magnetic effects (we will say “magnetic fields”) like magnets do. All kinds of 
practical devices depend on magnetism, from compasses to motors, loudspeakers, 
compufter memory, and electric øenerafors. 


sự history of magnetism began thousands of years ago, when 1n a reglon Of 


20-l Magnets and Magnetic Fields 


You probably have observed a magnet attract paper clips, nails, and other obJects 
made of iron, as in Eig.20—1. Any magnet, whether If 1s in the shape oŸ a bar or a 
horseshoe, has two ends or faces, called poles, which 1s where the magnetic effect 
1S strongest. If a bar magnet 1s suspended from a fine thread, it is found that one 
pole of the magnet wIll always point toward the north. It is not known for sure 
when this fact was discovered, but it is known that the Chinese were making 
use O 1 as an aid to navigation by the eleventh century and perhaps earlier. 


Thịs 1s the principle oŸ a compass. A compass needle 1s simply a bar magnet which 
1S SUDportfed at 1s center of gravity so that 1t can rotate freely. The pole of a freely 
suspended magnet that points toward geographic north 1s called the north pole of 
the magnet. The other pole points toward the south and ¡s called the south pole. 

Itis a familiar observation that when two magnets are brought near one another, 
cach exerts a force on the other. The force can be either attractive or repulsive 
and can be felt even when the magnets don't touch. IỶ the north pole of one bar 
magnet 1s broupht near the north pole of a second magnet, the force 1s repulsive. 
Similarly, 1ƒ the south poles are brought close, the force 1s repulsive. But when 
the north pole of one magnet 1s brought near the south pole of another magnet, 
the force 1s attractive. These results are shown 1n Hig. 20-2, and are reminiscent 
Of the forces between electric charges: like poles repel, and unlike poles attract. 
But đo not confuse magnetic poles +0ith electric charge. They are very đifferent. 
One important difference 1s that a positive or negative electric charge can easily 
be isolated. But an isolated single magnetic pole has never been observed. lỶ a 
bar magnet 1s cut in hal£ you do not obtain isolated north and south poles. 
Instead, two new magnets are produced, Eig. 20-3, each with north (N) and 
south (S) poles. If the cutting operation 1s repeated, more magnets are produced, 
cach with a north and a south pole. Physicists have searched for 1solated sinple 
magnefic poles (monopoles), but no magnefic monopole has ever been observed. 

Besides Iron, a few other materials, such as cobalt, nckel, gadolinium, and 
some of their oxides and alloys, show strong magnetic effects. They are said to be 
ferromagneftic (from the Latin word ƒerrưmn for Iron). Other materials show some 
slipht magnetic effect, but 1 is very weak and can be detected only with delicate 
instruments. We wIll look in more detail at ferromagnetism 1n Section 20—12. 

In Chapter 16, we used the concept of an electric field surrounding an electric 
charge. In a similar way, we can pIcture a magnefic field surrounding a magnet. The 
force one magnet exerfs on another can then be described as the interaction between 
one magnet and the magnetic field ofthe other. Just as we drew electric field lines, we 
can also draw magnefic field lines. They can be drawn, as for electric field lines, so that 


1. the direction of the magnetic field is tangent to a field line at any point, and 
2. the number of lines per unit area 1s proportional to the strength of the 
magnetic field. 


The đirection oŸ the magnetic field at a given location can be defined as the 
direction that the north pole of a compass needle would poïnt 1ƒ placed at that loca- 
tion. (We will give a more precise definition of magnetic field shortly.) Figure 20—4a 
shows how thin iron filings (acting like tiny magnets) reveal the magnetic field 
lines by lining up like the compass needles. The magnetic field determined In this 
way for the field surrounding a bar magnet 1s shown In Eig. 20—4b. Notice that 
because of our definition, the lines always point out from the north pole and in 
toward the south pole of a magnet (the north pole of a magnetic compass needle 
1S atfracted to the south pole of the magnet). 

Magnetic field lines continue inside a magnet, as indicated in Eig. 20—4b. 
Indeed, given the lack of single magnetic poles, magnetic field lines always form 
closed loops, unlike electric field lines that begin on positive charges and end on 
neøative charges. 


(b) 


7 
FIGURE 20-1 A horseshoe magnet 
aftracts pins made oÝ iron. 


FIGURE 20-2 Like poles of two 
magnets repel; unlike poles attract. 


—~-=S N N S> 
Repulsive 
~=N 5 5 NE- 
Repulsive 
NÑ S> ~ N 5 
AttractIve 


$*CAUTION 
Magnets do not atIract qlÏ metals 


FIGURE 20-3 If you split a magnet, 
you won't get isolated north and 
south poles; Instead, two new 
magnets are produced, each with a 
north and a south pole. 


§S NỈS NÌ)S NÌ3s N 


$*CAUTION 


Magnetic field lines form closed 
loops, unlike electric field lines 


FIGURE 20-4 (a) Visualizing 
magnetic field lines around a bar 
magnet, using Iron filings and 
compass needles. The red end of the 
bar magnet is Its north pole. The 

N pole of a nearby compass needle 
poInfs away from the north pole of 
the magnet. (b) Diagram of 
magnetic field lines for a bar magnet. 
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Nonh - Rotation Earth's Magnetic Field 
geographic pole  .v¡e ———— 


(“true north”) The Earths magnetic field is shown in Fig. 20—5, and 1s thought to be produced 


by electric currents In the Earth's molten iron outer core. The pattern of field 
lines 1s almost as though there were an Imaginary bar magnet Inside the Earth. 
Since the north pole (N) of a compass needle points north, the Earth's magnefic 
pole which 1s in the geographic north 1s magnetically a south pole, as indicated in 
Fig. 20—5 by the S on the schematic bar magnet inside the Earth. Remember that 
the north pole of one magnet is attracted to the south pole of another magnet. 
Nonetheless, Earth's pole In the north 1s still often called the “north magnetic 
pole,” or “øeeomagnetic north,” simply because 1t 1s in the north. Similarly, the 
Earth's southern magnetic pole, which 1s near the geographic south pole, 1s mag- 
netically a north pole (N). The Earth's magnetic poles do not coincide with the 
geographic poles, which are on the Earth”s axIs of rotation. The north magnetic 
pole, for example, is in the Canadian Arctic, now on the order of 1000 kmỶ from the 
geographic north pole, or true north. This difference must be taken Into accounft 
for accurafe use of a compass (Eig. 20—6). The angular difference between the 
direction of a compass needle (which points along the magnetic field lines) at any 
location and true (geographical) north ¡s called the magnefic declination. In the 
U.S. 1t varies from 0° to about 20°, depending on location. 

Notice In Eig. 20-5 that the Earth's magnetic field at most locations 1s not 
tangent to the Earth”s surface. The angle that the Earth's magnetic field makes 
with the horizontal at any point 1s referred to as the angle of dip, or the 
“ineclination.” It1s 67° at New York, for example, and 55° at MiamI. 


+» 
Compass | 


Magnetic 


Magnetic 
pole South 
øeographic pole 
FIGURE 20-5 The Earth acts like a 
huge magnet. But its magnetic poles 
are not at the geographic poles (on 
the Earth”s rotation axIs). 


EXERCISEAA Does the Earth's magnetic field have a greater magnitude near the poles 
or near the equator? [How can you tell using the field lines in Eig. 20—5?] 


@ÒPHvsics APPLIED 
se öoƒa compass 


FIGURE 20-6 Using a map and compass in the 
wilderness. First you align the compass case so the 
needle points away from true north (N) exactly 
the number of degrees of declination stated 

on the map (for this topographic map, it is 17° as 
shown just to the left of the compass). Then align 
the map with true north, as shown, z#ø with the *ôi0cs6 TẤT tỤY = 


compass needle. [This is an old map (1953) of a kệc*ropbb doc gauoagaug 5 
part of California; on new maps (2012) the §ýJhdiops8tn by mựNGib te edk Ễ § 
_ ˆ. s Ũ Ln. S 
declination 1s only 13”, telling us the position of Da haeeaieenbeiSA sỦ tr Ệ ; 
magnetic north has moved—see footnote below.|  ?⁄2°?⁄#.esesw++ “lý 422134744 
R4 @re hoan 0n ro 
“DECUNATON, tạng. › FE 6r0tooickv sutvry, EAvER Z3. cotORADG OR was 
IOL DEN OE%0E00S0 TOPOORAPMIC MAPS ANO SYMBOL4 18 AVAILARLE ‹ 
Uniform Magnetic Field 
FIGURE 20-7 Magnetuic field The simplest magnetic field is one that is uniform——it doesn't change in magni- 
between two wide poles of a magnet  tude or direction from one point to another. A perfectly uniform field over a large 
1s nearly uniform, except near the area is not easy to produce. But the field between two flat parallel pole pieces 


EdBSS: Of a magnet 1s nearly uniform 1Ý the area of the pole faces 1s large compared 


to their separation, as shown In FEig. 20-7. At the edges, the field “fringes” out 
somewhat: the magnetic field lines are no longer quite parallel and uniform. The 
parallel evenly spaced field lines in the central region of the gap indicate that 


NÑ the field is uniform at points not too near the edges, much like the electric field 

| | | Ì | | | between two parallel plates (Eig. 17-1). 
TEarth's north magnetic pole has been moving over time, on the order of 10 km per year in recent 
S decades. Magnetism in rocks solidified at various times in the past (age determined by radioactive 


dating—see Section 30—11) suggests that Earth°s magnetic poles have not only moved significantly 
over geologic time, but have also reversed direction 400 times over the last 330 million years. 
Also note that a compass gives a false reading 1Ý you are standing on rock containing magneftized 
1ron ore (as you move around, the compass needle is inconsistent). 
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(b) (c) 
FIGURE 20-8 (a) Deflection of compass needles near a currenf-carryine wire, showing the presence and 

direction of the magnetic field. (b) Iron filings also align along the direction of the magnetic field lines near a 
straiphf currenft-carrying wire. (c) Diagram of the magnetic field lines around an electric current In a straipht wire. 
(d) Right-hand rule for remembering the direction of the magnetic field: when the thumb points in the direction of 
the conventional current, the fingers wrapped around the wire point in the direction of the magnetic field. (B is the 
symbol for magnetic field.) 


20-2 Electric Currents Produce 
Magnetic Fields 


During the eighteenth century, many scIentists sought to find a connection between 
electricity and magnetism. A stationary electric charee and a magnet were shown to 
have no Iinfluence on each other. But in 1820, Hans Christian Oersted (1777-1851) 
found that when a compass 1s placed near a wire, the compass needle deflects 1f 
(and only 1ƒ) the wire carrles an electric current. As we have seen, a compass 
needle 1s deflected by a magnetic field. So Oersted”s experiment showed that 
an elecfric currenf produces a magnefic field. He had found a connection between 
electricity and magnetism. 

A compass needle placed near a straighf section 0Ÿ current-carrying WIre eXpe- 
Tiences a force, causing the needle to align tangent to a circle around the wrre, 
Fig. 20-8a. Thus, the magnetic field lines produced by a current In a straight wire 
are 1n the form of circles with the wire at their center, Eigs. 20—8b and c. The direction 
of these lines 1s Indicated by the north pole of the compasses 1n FEig. 20-8a. 
There 1s a simple way to remember the direction of the magnetic field lines in this 
case. lí 1s called a right-hand rule: srasp the wIire with your right hand so that your 
thumb points in the direction of the convenftional (positive) current; then your 
fingers will encircle the wire In the direction of the magnetic field, Fig. 20—8d. 

The magnetic field lines due to a circular loop oŸ currenf-carrying wire can be 
determined 1n a similar way by placing a compass at various locations near the 
loop. The result is shown in Eig. 20—9. Again the right-hand rule can be used, as 
shown In Eig. 20—10. Unlike the uniform field shown In Eig. 20—7, the magnetic 
fields shown In Eigs. 20-8 and 20—9 are no uniform——the fields are different in 
magmifude and direction at different locations. 


EXERCISEB A straight wire carries a current directly toward you. In what direction are 
the magnetic fñield lines surrounding the wire? 


| / FIGURE 20-10 Right-hand rule 
Ề for determining the direction of the 
magnetic field relative to the current 


1n a loop OoŸ wire. 


I Magnetic 
| field 


(d) 


Right-Hand-Rule-1: 
Magnetic field direction 
produced by electric current 


FIGURE 20-9 Magnetic field lines 
due to a circular loop of wrre. 
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FIGURE 20-11 (a) Force on a 
current-carrying wire placed In a 
magnetic field B; (b) same, but 
current reversed; (c) right-hand rule 
for setup in (b), with current Ï 
shown as 1Ý a vector with direction. 


Right-Hand-Rule-2: 
Force on currenf exerted by B 


FIGURE 20-12 Current-carrying 
wWIre In a magnetic field. Force on 
the wire Is directed Iinto the page. 
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Force 1s up 


=i 
` 2 
Liế .“ 


(b) (c)  Right-hand rule 


20-3 Force on an Electric Current ïn a _ 
Magnetic Field; Definition of B 


In Section 20—2 we saw that an electric currenf exerts a force on a magnet, such as 
a compass needle. By NÑewton”s third law, we might expect the reverse to be true 
as well: we should expect that a magnet eXerts a [OrC€ OH q CHYT€HI-CaTrVing tUïre. 
Experiments indeed confirm this effect, and 1t too was first observed by Oersted. 

Suppose a straight wrre is placed in the magnetic field between the poles of a 
horseshoe magnet as shown in Fig. 20—11, where the vector symbol B represents 
the magnitude and direction ofthe magnetic field. When a current flows in the wire, 
experiment shows that a force 1s exerted on the wire. But this force 1s zøf toward 
one or the other pole of the magnet. Instead, the force 1s directed at right angles 
to the magnetic field direction, downward In Eig.20—11a. If the current 1s reversed 
1n đirection, the force 1s in the opposife direction, upward as shown 1n Eig. 20—11b. 
Experiments show that (he direcHon öƒ the ƒorce is aqhuays perpendicular to the 
direction oƒthe current and also perpendicular to the direction oƒthe magnetic field, B. 

The direction of the force 1s given by another righf-hand rule, as illustrated in 
Hig. 20—11c. Orlent your right hand until your outstretched fingers can point in 
the direction of the conventional current 7, and when you bend your fingers they 
point in the direction of the magnetic field lines, B. Then your outstretched thumb 
will point in the direction of the force Ê on the wire. 

Thịs right-hand rule describes the direction of the force. What about the mag- 
mitude of the force on the wire? It is found experimentally that the magnitude of 
the force 1s directly proportional to the current ƒn the wire, to the magnetic 
field Ö (assumed uniform), and to the length É of wire exposed to the magnetic 
field. The force also depends on the angle Ø between the current direction and the 
magnetic field (Fig.20—12), being proportional to sin 0. Thus, the force on a wire 
carrying a current 7 with length £in a uniform magnetic field Ö is given by 


F œ IB si 0. 


'When the current is perpendicular to the field lines (0 = 90° and sin 90° = 1), the 
force 1s strongest. When the wire 1s parallel to the magnetic field lines (0 = 0°), 
there 1s no force at all 

Ủp to now we have not defined the magnetic field strength precisely. In fact, 
the magnetic field 8 can be conveniently defined in terms of the above propOr- 
tion so that the proportionality constant 1s precisely 1. Thus we have 


FE`_= IHBsin0. (20-1) 
If the currenfs direction is perpendicular to the field B (ø = 90°), then the force is 
may = IB. [curent L BỊ] (20-2) 


(If ö ïs not uniform, then 8 in Eqs. 20—1 and 20-2 can be the average field over 
the length £ of the wire.) 

The magnitude of B can be defined using Eq. 20-2 as  = Fạa„/!, where 
Fmạx IS the magnitude of the force on a straight length É of wire carrying a 
current 7 when the wire is perpendicular to B. 


EXERCISEC A wire carrying current 7 ¡1s perpendicular to a magnetic field of 
strength Ø. Assuming a fixed length of wire, which of the following changes will result in 
decreasing the force on the wire by a factor of2? (a) Decrease the angle from 90° to 45°; 
(b) decrease the angle from 90° to 30°; (c) decrease the current in the wire to 7/2; 
(đ) decrease the magnetic field to 8/2; (e) none of these will do it. 


The ST unit for magnetic field Ø ¡s the tesla (T). From Eq.20—1 or 20-2, we see 
that 1T = 1N/A-m. An older name for the tesla is the “weber per meter squared” 
(1 Wb/m = 1T). Another unit sometimes used to specify magnetic field is a cøs 
unit, the gauss (G): 1 G = 10T. A ñield given in gauss should always be changed 
to teslas before using with other SI units. To get a “feel” for these unifs, we nofe 
that the magnetic field of the Earth at its surface is about ‡G or 0.5 x 10T. 
On the other hand, strong electromagnets can produce fields on the order of 2 T 
and superconducting magnets can produce over 10 T. 


Magnetic force on a current-carrying wire. A wire carrying 
a steady (dc) 30-A current has a length # = 12cm between the pole faces of a 
magnet. The wire is at an angle Ø = 607 to the field (Fig. 20—13). The magnetic 
field 1s approximately uniform at 0.90 T. We ignore the field beyond the pole 
pleces. Determine the magnitude and direction of the force on the wire. 


APPROACH We use Eq.20-1, Ƒ = !£B sin0. 


SOLUTION The force # on the 12-cm length of wire withim the uniform field 8 
1S 


F = IfBsin9 = (30A)(0.12m)(0.90T)(sin60°) = 2.8N. 


We use right-hand-rule-2 to find the direction of Ể. Hold your right hand flat, 
pomting your fingers In the direction of the current. Then bend your fingers 
(maybe needing to rotate your hand) so they point along B, Eig. 20-13. Your 
thumb then points into the page, which 1s thus the direction of the force È. 


EXERCISED A straight power line carries 30 A and 1s perpendicular to the Earth's mag- 
netic field of 0.50 < 10”*'T. What magnitude force is exerted on 100 m of this power line? 


On a diagram, when we want to represent an electric current or a magnetic 
field that is pointing out of the page (toward us) or Into the page, we use © or X, 
respectively. The © 1s meant to resemble the tip of an arrow pointing directly 
toward the reader, whereas the or ® resembles the tail of an arrow pointing 
away. See Fig. 20-14. 


Measuring a magnetic field. A rectangular loop of wire 
hangs vertically as shown in Eig. 20-14. A magnetic field B is directed horizontally, 
perpendicular to the plane of the loop, and points out of the paøe as represented 
by the symbol ©. The magnetic field B is very nearly uniform along the horizontal 
portion of wire ab (length # = 10.0 cm) which is near the center of the gap of a 
large magnet producing the field. The top portion of the wire loop 1s out of the 
field. The loop hanøgs from a balance (reads 0 when Ö = 0) which measures a 
downward magnetic force of  = 3.48 x 10”N when the wire carries a current 
Tï = 0.245A. What 1s the magnitude of the magnetic field 8? 


APPROACH Three straight sections of the wire loop are in the magnetic field: 
a hor1zontal section and two vertical sections. We apply Eq. 20-1 to each sec- 
tion and use the right-hand rule. 


SOLUTION Usïng right-hand-rule-2 (page 564), we see that the magnetic force 
on the left vertical section oŸ wIire poinfts to the left, and the force on the vertical 
section on the right poimmts to the ripht. These two forces are equal and mm 
Opposite directions and so add up to zero. Hence, the net magnetic force on the 
loop 1s that on the horizontal section ab, whose lenpth ¡is # = 0.100m. The 
angle Ø between B and the wire is Ø = 90°, so sin Ø = 1. Thus Eq.20—1 gives 


F 3.48 x 102N 
B=ằ= = 1421. 
J# — (0.245 A)(0.100m) 


NOTE Th¡s technique can be a precise means of determinine magnetic field strength. 


FIGURE 20-13 Example 20-1. For 
right-hand-rule-2, the thumb poinfs 
1nto the page. See Eig. 20— 1c. 


FIGURE 20-14 Measuring a 
magnetic field B. Example 20-2. 
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B (toward viewer) 
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Right-hand rule 


FIGURE 20-15 Force on charged 
particles due to a magnetic field 1s 
perpendicular to the magnetic field 
direction. If ý is horizontal, then F is 
vertical. The ripht-hand rule 1s 
shown for the force on a posItive 
charge, +4. 


Right-hand-rule-3: 
Torce on mouing charge 
exerted by B 


FIGURE 20-16 Example 20-4. 
Y (up) 


@ Moving Into 
F page (north) 


(a) (b) 
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20-4 Force on an Electric Charge 
Moving in a Magnetic Field 


We have seen that a currenf-carrying wire experlences a force when placed 1n a mag- 
netic field. Since a currenf In a wire consists of moving electric charges, we might 
expect that freely movineg charged particles (not in a wire) would also experience a 
force when passing through a magnetic ñield. Free electric charges are not as easy tO 
produce m the lab as a current 1n a wire, but 1t can be done, and experiments do 
show that moving electric charges experlence a force 1n a magnetic field. 

From what we already know, we can predict the force on a single electric charge 
moving in a magnetic field B. If N such particles of charge 4 pass by a given point 
in time f, they constitute a current ï = Nz/í. We let/ be the time for a charøe q 
to travel a distance fin a magnetic field B; then £ = œf where 0 is the magnitude 
of the velocity Y ofthe particle. Thus, the force on these  particles 1s, by Eq. 20-1, 
EF = IBsin0 = (Ng/f)(0f)B sin 0 = Ng9B sin 0. The force on one of the N parti- 
cles is then 

F = q0Bsin0. [9 between ÿ and BỊ (20-3) 


Thịs equation g1ves the magmitude of the force exerted by a magnetic field on a 
particle of charge ø moving with velocity » at a point where the magnetic field 
has magnitude Ö. The angle between ÿ and B is 0. The force is greatest when the 
particle moves perpendicular to B (ø = 90°): 


Fạay = quB. [ý L BỊ (0-4) 


The force 1s zero 1Ý the particle moves øarailel to the field lines (0 = 0°). The 
direction of the force is perpendicular to the magnetic field B and to the velocity Ÿ 
of the particle. For a posifive charge, the force đirection 1s gIven by another 
riph(-hand rule: you orient your ripht hand so that your outstretched fingers 
point along the direction of the particle”s velocity (Ý), and when you bend your 
fingers they must point along the direction of B. Then your thumb will point in 
the direction of the force. This 1s true only for posiely charged particles, and 
wIll be “up” for the posifive particle shown 1n EFig. 20—15. For negatively charged 
particles, the force 1s in exactly the opposite direction, “down”1n Eig. 20—15. 


CONCEPTUAL EXAMIPLE 20-3 | Negative charge near a magnet. A nega- 


tive charge —( 1s placed at rest near a magnet. WIIl the charge begin to move? WIII 
1t feel a force? What If the charge were positive, +? 


RESPONSE No to all questions. A charge at rest has velocity equal to Zero. 
Magnetic fields exert a force only on moving electric charges (Eq. 20-3). 


EXERCISE E Return to the Chapter-Opening Question, page 560, and answer It again 
now. Try to explain why you may have answered differently the first time. 


Magnetic force on a proton. A magnetic field exerts a 
force of 8.0 x 10 1N toward the west on a proton moving vertically upward at a 
speed of 5.0 x 10 m/s (Fig. 20—16a). When moving horizontally in a northerly 
direction, the force on the proton 1s zero (Fig. 20—16b). Determine the magnitude 
and direction of the magnetic field In this region. (The charge on a protOon 1s 
q = +e = 1.6 x 109C.) 

APPROACH Since the force on the proton 1s zero when moving north, the field 
must be in a north—south direction (0 = 0° in Eq. 20-3). To produce a force to 
the west when the proton moves upward, right-hand-rule-3 tells us that B must 
point toward the north. (Your thumb points west and the outstretched fingers 
of your ripht hand point upward only when your bent finsers point north.) 
The magnitude of B is found using Eq. 20-3. 

SOLUTION Equation 20-3 with Ø = 90° gives 

£ §.0 x 10'“N 


8= = = 0.I0T. 
q0 (1.6 x 10”C(5.0 x 109m/$) 


EXERCISE F Determine the force on the proton of Example 20-4 If it heads horizon- 
tally south. 


EXAMPLE 20-5. ESTIMATE | Magnetic force on ions during a nerve pulse. 
Estimate the magnitude of the magnetic force due to the Earth's magnetic field 


On 1ons crossing a cell membrane during an action potential (Section 18—10). 
Assume the speed of the ions is 10?m/s. 

APPROACH Using Ƒ = 0Ö, set the magnetic field of the Earth to be roughly 
B x 10T, and the charge q + e 10C, 

SOLUTION Z# + (102C)(10?m/s)(10*T) = 10N. 

NOTE This is an extremely small force. Yet it is thought that migrating animals 


do somehow detect the Earth's magnetic field, and this 1s an area oŸ active 
research. 


The path of a charged particle moving 1n a plane perpendicular to a uniform 
magnetic field 1s a circle as we shall now show. In Fig. 20—17 the magnetic field 1s 
directed 7o the paper, as represented by X”s. An electron at poïnt P is moving to 
the ripht, and the force on 1t at this pomt 1s toward the bottom of the page as 
shown (use the ripht-hand rule and reverse the direction for negative charge). 
The electron 1s thus deflected toward the page bottom. A moment later, say, 
when 1t reaches poInt Q, the force 1s still perpendicular to the velocity and 1s In 
the direction shown. Because the force 1s always perpendicular to Ý, the mag- 
nifude of ÿ does not change——the electron moves at constant speed. We saw in 
Chapter 5 that if the force on a particle 1s always perpendicular to 1ts velocIty Ý, 
the particle moves 1n a circle and has a centripetal acceleration of magnitude 
a = 0 ˆ/r (Eq. 5-1). Thus a charged particle moves in a circular path with a 
constant magnitude of centripetal acceleration in a uniform magnetic field (see 
Fig. 20-18). The electron moves clockwise in Fig. 20-17. A positive particle im 
this field would feel a force In the opposite direction and would thus move 
counterclockwise. 


Electron“s path ïn a uniform magnetic field. An electron 
travels at 1.5 x 10” m/s in a plane perpendicular to a uniform 0.010-T magnetic 
field. Describe Its path quantitatively. Ignore gravity (= very small in 
comparison). 


APPROACH The electron moves at speed ? in a curved path and so must have 
a cenfripetal acceleration a = ^/r (Eq. 5-1). We find the radius of curvature 
using Newton”s second law. The force 1s given by Eq. 20-3 with sin0 = 1: 
F = q08. 
SOLUTION We insert and z into Newton”s second law: 

>»F = ma 


mœŸ7 


quB = P 
We solve for r and find 

mờ 

qB 

Since F is perpendicular to ý, the magnitude of ý doesn't change. From this 
equafion we see that 1ƒ B = constant, then r = constant, and the curve musf 
be a circle as we claimed above. To get r we put in the numbers: 


(9.1 x 10 3!kg)(1.5 x 10”m/$) 
(1.6 x 10?C)(0.010T) 


NOTE See Fig. 20—18. If the magnetic field Ø is larger, 1s the radius larger or 
smaller? 


Ƒÿ = 


= 0.85 x 10”m = 8.5mm. 
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Path of electron 


B is into the page 


FIGURE 20-17 Force exerted by a 
uniform magnetic field on a moving 


charged particle (in this case, an 


electron) produces a circular path. 


FIGURE 20-18 The white ring inside 
the glass tube 1s the glow of a beam 


of electrons that Ionize the øas 


molecules. The red coIls of current- 


carrying wire produce a nearly 
uniform magnetic field, illustrating 

the circular path of charged particles 
1n a uniform magnetic field. 
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QoLVIMC 


nề _ 
# Magnetic Fields 
œ 
©Ồ) 
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differences to recall: 


1. The force experienced by a charged particle moving 
1n a magnetic field 1s perpendicular to the direction 
of the magnetic fñield (and to the direction of the 
velocity of the particle), whereas the force exerted 
by an electric field 1s paraiel to the direction of the 
field (and independent of the velocity of the particle). 


Masnetic fields are somewhat analogous to the electric 
fields of Chapter 16, but there are several important 


The time 7'requrred for a particle of charge ø moving with consfanf speed 0 to 
make one circular revolutionin a unform magnetic field B (_L Ý) is 7` = 2zr/0, where 
2zr 1s the circumference of ifs circular path. From Example 20-6, r = zmu/qB, so 


mẫ 2m, 
qB 
Since 7 1s the period of rotation, the frequency of rofation 1s 
1 qB 
= mm { 20-5 
ƒ T 271m ( ) 


Thịs 1s often called the cyelotron frequeney of a particle 1n a field because this 1s 
the frequency at which particles revolve In a cyclotron (see Problem 88). 


Stopping charged particles. An clectric 
charge  moving in an electric field Ê can be decelerated to a stop if the force 
F = qE (Eq. 16-5) acts in the direction opposite to the charge's velocity. Can 
a magnetic field be used to stop a charged particle? 


RESPONSE No, because the force is always perpendicular to the velocity of 
the particle and thus can only change the direction but not the magnifude of 1s 
velocity. Also the magnetic force cannot do work on the particle (force and dis- 
placement are perpendicular, Eq. 6—1) and so cannot change the kinetic energy 
of the particle, Eq. 6-4. 


2. The righi-hand rule, 1n 1s different forms, 1s Intended 
to help you determine the directions of magnetic 
fñield, and the forces they exert, and/or the directions 
Of electric current or charged particle velocity. The 
ripht-hand rules (Table 20—1) are designed to deal 
with the “perpendicular” nature of these quanfities. 

‹ The equatlons In this Chapter are generally not 
printed as vector equations, but involve magnitudes 
only. Right-hand rules are to be used to find direc- 
tions OŸ vector quantifies. 


TABLE 20-1 Summary of Right-hand Rules (= RHR) 


Example How to Orien( Right Hand Result 


Physical Situation 


1. Magnetic field produced by 
current 
(RHR-1) 


1 Wrap fingers around wire Fingers curl in direction of B 
!| 


with thumb pointing In 
đirection of current ï 


B 


Fig. 20—8d 


2. Force on electric current 7 
due to magnetic field 
(RHR-2) 


1 


ñ Fingers first point straight Thumb poïnfs In direction 
along current 7, then bend of the force E 
along magnetic field B 


A4 
` 
B 


Fig. 20—-11c 


3. Force on electric charge + 
due to magnetic field 
(RHR-3) 
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Fingers point along particle's  "Thumb points in direction 


H velocity Y, then along B Of the force E 


B EFEig.20-15 


CONCEPTUAL EXAMIPLE 20-8 | A helical path. What is the path of a charged 


particle in a uniform magnetic field 1f its velocity 1s z#øf perpendicular to the 
magnetic field? 


RESPONSE The velocity vector can be broken down Into components parallel 
and perpendicular to the field. The velocity component parallel to the field lines 
experiences no force (Ø = 0), so this component remains constant. The velocIty 
component perpendicular to the field results In circular motion about the field 
lines. Putting these two motions together produces a helical (spiral) motion 
around the field lines as shown 1n Eig. 20—19. 


EXERCISE G_ What is the sign of the charge In Fig. 20—19? How would you modify the 
drawing 1f the charge had the opposite sign? 


* Aurora Borealis 


Charged Ions approach the Earth from the Sun (the “solar wind”) and enter the 
atmosphere mainly near the poles, sometimes causing a phenomenon called the 
aurora borealis or “northern lights” in northern latitudes. To see why, consider 
Example 20-8 and Eig. 20-20 (see also Fig. 20-19). In Eig. 20-20 we imagine 
a s(ream of charged particles approaching the Earth. The velocity component 
perpendicular to the field for each particle becomes a circular orbit around the 
field lines, whereas the velocity component ?ara1el to the field carries the particle 
along the field lines toward the poles. As a particle approaches the Earth's North 
Pole, the magnetic field 1s stronger and the radius of the helical path becomes 
smaller (see Example 20-6, r œ 1/). 

A high concentration of high-speed charged particles 1on1zes the air, and as 
the electrons recombine with atoms, light is emitted (Chapter 27) which 1s the 
aurora. Auroras are especially spectacular during periods of high sunspot actIvity 
when more charged particles are emitted and more come toward Earth. 


*The Hall Effect 


When a current-carrying conductor 1s held fxed in a magnetic field, the field 
exerts a sideways force on the charges moving 1n the conductor. For example, 1f 
electrons move to the righft in the rectangular conductor shown 1n Eig. 20-21a, 
the inward magnetic field will exert a downward force on the electrons of mag- 
nitude Ƒ = ea¿Ö, where ơạ is the drift velocity of the electrons (Section 18-8). 
Thus the electrons will tend to move nearer to side D than side C, causing a 
potential diference between sides C and D of the conductor. This potential 
difference builds up until the electric field Ể¡; that it produces exerts a force 
(= eÊu) on the moving charges that is equal and opposite to the magnetic force 
(= £eaB). Thịs is the Hall effect, named after E. H. Hall who discovered it in 1879. 
The diference of potential produced 1s called the Hall emf. Its magnitude 1s 
Vuan = Eud = (F/e)d = oạBd, where d is the width of the conductor. 

A current of negative charges moving to the right 1s equivalent to positIve 
charges moving to the left, at least for most purposes. But the Hall effect can 
distinguish these two. As can be seen In Hig. 20—-21b, positive particles moving to 
the left are deflected downward, so that the bottom surface 1s positive relative to 
the top surface. Thĩs 1s the reverse of part (a). Indeed, the direction of the emfin the 
Hall effect first revealed that 1 is negative particles that move in metal conducfors, 
and that positive “holes” move 1n ?-type semiconductOors. 

Because the Hall emf 1s proportional to 8, the Hall effect can be used to 
measure magnetic fields. A device to do so 1s called a Hall probe. When B 1s 
known, the Hall emf can be used to determine the drift velocity of charge 
CATTITS. 


FIGURE 20-19 Example 20-8. 


FIGURE 20-20 (a) Diagram showing 
a charged particle that approaches 
the Earth and ¡s “captured” by the 
magnetic field of the Earth. Such 
particles follow the field lines toward 
the poles as shown. (b) Photo of 


aurora borealis. 
Charged particle 
approaching Earth 


FIGURE 20-21 The Hall effect. 

(a) Negative charges moving to the 
ripht as the current. (b) Positive charges 
moving to the left as the current. 
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20-5 Magnetic Field Due to a 
Long Straight Wire 


W©e saw in Section 20-2, FEig. 20-8, that the magnetic field lines due to the 
electric current 1n a long straipht wire form circles with the wire at the center 
(Eig. 20-22). You mipht expect that the field strength at a given point would 
be greater 1Ÿ the current flowing 1n the wire were greater; and that the field 
would be less at points farther from the wrre. Thịs ¡is indeed the case. Careful 
experiments show that the magnetic field  due to the current ím a long 
straight wire 1s directly proportional to the current ƒ 1n the wire and I1nversely 
proportional to the distance r from the wIre: 
ñð ke Ê 
? 


Thịs relation 1s valid as long as r, the perpendicular distance to the wire, 1s much 
less than the distance to the ends of the wire (1.e., the wire 1s long). 
The proportionality constant is Written as g/2⁄r, SO 


[Xi 


FIGURE 20-22 Same as Fig. 20—8c, 


magnetic field lines around a long B.= E [near a long straight wir e] (20-6) 
straight wire carrying an electric 27 T 
currenf Í. The value of the constant ạ, which is called the permeability of free space, is 


tạ = 4m X 1077T-m/A. 


EXAMPLE 20-9 | Calculation of B near a wire. An clectric wire in the wall 
Of a building carries a dc current of 25 A vertically upward. What 1s the magnetic 
field due to this current at a point P, 10 em due north of the wire (Fig. 20-23)? 
APPROACH We assume the wire 1s much longer than the 10-cm distance to the 
pomt P so we can apply Eq. 20-6. 


SOLUTION According to Eq. 206: 
mại — (4m 1077T-m/A)(25A) 


B= = = 50X10 7T 
2mr (2z)(0.10m) Í 


FIGURE 20-23 Example 20-9. 


Ì 


P 
10cm —>® 


or 0.50G. By right-hand-rule-1 (page 568), the field points to the west (mto 


$® CAUTION the page ¡in Fig. 20-23) at point P. 


 COmDđSS, H€AF q CHIr€HI, 
may not point north 


NOTE The magnetic field at point P produced by the wire has about the same 
magmifude as Earth's, so a compass at P would not point north but to the northwest. 


NOTE Most electrical wiring in buildings consists of cables with two wires in each 
cable. Since the two wires carry current in opposite directions, their magnetic 
fields cancel to a large extent, but may still affect sensitive electronic devices. 


EXAMPLE 20-10 | Magnetic field midway between two currents. Two 


FIGURE 20-24 Example 20-10. parallel straight wires 10.0 cm apart carry currenfs in opposite directions 
WIre 1 carrying current !¡ out (Fig. 20-24). Current 7¡ = 5.0A 1s out of the page, and ?; = 7.0A 1s into the 
towarđs us, and wire 2 carrying page. Determine the magnitude and direction of the magnetic field halfway 
current ?; Into the page, produce between the two wires. 


magnetic fields whose lines are 
circles around theïr respective WIres. 


B; 


APPROACH The magnitude of the field produced by each wire ¡s calculated 
from Edq. 20—6. The direction oŸ each wire”s field 1s determined with the ripht- 
hand rule. The total field 1s the vector sum of the two fields at the midway poInt. 


SOLUTION The magnetic field lines due to current 7¡ form circles around the 
wire of 7¡, and right-hand-rule-1 (Eig. 20-8d) tells us they point counterclockwise 
@ &@ around the wrre. The field lines due to ?; form circles around the wire oŸ j; 
and point clockwise, Fig. 20-24. At the midpoint, both fields point upward In 
Eig. 20-24 as shown, and so add together. The midponnt 1s 0.050 m from each wrre. 


“The constant is chosen in this complicated way so that Ampère”s law (Section 20—8), which is consid- 
ered more fundamental, will have a simple and elegant form. 
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From Edq. 20-6 the magmitudes of B¡ and Ö; are 


1 4 x 107T-m/A)(5.0A 
g.~ toh - /AX ) — 20x 10%; 
2mr 27r(0.050 m) 
T/ 4m x 10”T-m/A)(7.0A 
x.... TH) ÔÓ nay 0 SH 
2mr 27r(0.050 m) 
The total field 1s with a magnitude of 
B = B,+B; = 48§X10°T. : _ ' N 
: ũ &@ 3 ®@ @ 3-4 @ 
2 
EXERCISE H Suppose both 7; and 7; point into the page in Fig. 20-24. What then is the Đ) »x 
field B midway between the wires? 1 2 
g“ọ  í)s 


CONCEPTUAL EXAMIPLE 20-11 | Magnetic field due to four wires. (a) (b) 


Figure 20-25 shows four long parallel wires which carry equal currenfs Into or 
out of the page as shown. In which configuration, (ø) or (b), is the magnetic field 
greafter at the center of the square? 


FIGURE 20-25 Example 20-11. 


RESPONSE It is greater in (2). The arrows 1llustrate the directions of the field 


produced by each wire; check 1t out, using the right-hand rule to confirm these Í | ì Ì: 
results. The net field at the center is the superposition of the four fields (which : : h ệ 
are of equal magnitude), which will poïnt to the left in (2) and is zero In (). ‡ 

— 


20-6 Force between Two Parallel Wires 


We have seen that a wire carrying a current produces a magnetic field (magnitude 
given by Eq. 20-6 for a long straight wire). Also, a current-carryine wire feels d 
a force when placed in a magnetic field (Section 20—3, Eq. 20—1). Thus, we expect 
that two currenf-carryIng wires wIll exert a force on each other. 
Consider two long parallel wires separated by a distance đ, as in Fig. 20—26a. 
They carry currents J¡ and ?;, respectively. Each current produces a magnetic field 
that 1s “felt” by the other, so each must exert a force on the other. For example, 
the magnetic field Ö; produced by 1 in Eig 20-26 1s given by Eq. 20-6, which at 


the location of wire 2 points Into the page and has magnitude Wirel Wie2 


hủ ẤN. (a) (b) 

2m .d FIGURE 20-26 (a) Two parallel 
conductors carrying currenfs 7¡ and 72. 
(b) Magnetic field Bị produced by 7¡. 
(Eield produced by 72 1s not shown.) 
hb = bBịb,. B¡ points into page at position of 7›. 


Bị = 
See Eig.20-26b, where the field due omly to Ƒ¡ 1s shown. According to Eq.20—2, the 


force #; exerted by ZØ¡ on a length É; of wire 2, carrying current ?;, has magnitude 


Note that the force on ?; 1s due only to the field produced by !¡. Ofcourse, 7; also  FIGURE 20-27 (a) Parallel currents in 
produces a field, but it does not exert a force on itself. We substitute Ö¡ into the the same direction exert an attractive 


formula for #; and fïnd that the force on a length f; of wire 2 is force on each other. (b) Antiparallel 
HT currents (in opposite directions) exert 
 = = sa Đ. [parallel wires] (20-7) 2 repulsive force on each other. 
If we use right-hand-rule-1 of Fig. 20-8d, we see that the lines of B, are asshown  Í ' ñ / ' |. 


1n Eig. 20-26b. Then using right-hand-rule-2 of Fig. 20—11c, we see that the force 
exerted on ?; wIll be to the left in Hg. 20—26b. That 1s, 7¡ exerts an attractive force 
on 1; (Fig. 20-27a). This is true as long as the currents are In the same direction. 
TẾ 7; 1s in the opposite direction from 1¡, right-hand-rule-2 indicates that the force 
1s In the opposite direction. That is, 7¡ exerts a repulsive force on 7; (Eig. 20—27b). 

Reasoning similar to that above shows that the magnetic field produced by 7; 
exerts an equal but opposite force on 1. We expect this to be true also from 
Newtons third law. Thus, as shown 1n EHig. 20-27, parallel currents in the same (a) (b) 
đirection attract each other, whereas parallel currenfs in opposite directions repel. 
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€@ÒpHvsics APPLIED 
Solenoids and eleciromagnets 


(b) : 
FIGURE 20-28 (a) Magnetic field 
of a solenoid. The north pole of this 
solenoid, thought of as a magnet, 1s 
on the ripht, and the south pole 1s on 
the left. (b) Photo of iron filings 
aligning along B field lines of a 
solenoid with loosely spaced loops. 
The field is smoother 1f the loops are 
closely spaced. 
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EXAMPLE 20-12 | Force between two current-carrying wires. The two wires 
of a 2.0-m-long appliance cord are 3.0 mm apart and carry a current of 8.0 A. 
Calculate the force one wire exerts on the other. 


APPROACH Each wrre is in the magnetic field of the other when the current 1s 
on, so we can apply Eq. 20—7. 


SOLUTION Equation 20—7 gives 
"".. (4m x 10”T-m/A)(8.0 A)”(2.0m) 
2m.d ˆ (2z)(3.0 < 103m) 
The currents are in opposife directions (one toward the appliance, the other away 
from it), so the force would be repulsive and tend to spread the wires apart. 


= 85 x 103N. 


Definition of the Ampere and the Coulomb 


You may have wondered how the constant ọ in Eq. 20-6 could be exactly 
4m < 10”7T-m/A. Here is how it happened. With an older definition of the 
ampere, ạ was measured experimentally to be very close to this value. Today, 
Mạ 1S defined to be exactly 4m < 10”T-m/A. This could not be done ïf the ampere 
were defined independently. The ampere, the unit of current, is now defined in 
terms of the magnetic field 1t produces using the defined value oŸ mạ. 

In particular, we use the force between two parallel currenf-carrying wires, 
Eq. 20-7, to define the ampere precisely. If 7! = l; =1A exactly, and the two 
WIres are exactly 1 m apart, then 

F_— mạhl, — (4mX107T-m/A)(1A)(A) 


c- = = —7 
p—»y ở (2z) (Im) Gà lo, 


Thus, oze ampere ¡s defined as that curremt [Ïouuing ín each öƒ to long pardllel tuires, 
1m apart, thích resulls in a force oƒexactly2 10” N per meter oƒlength oƒ each tuire. 

Thịs 1s the precise definition of the ampere, and because 1t 1s readily repro- 
ducible, 1s called an operafional definition. The coulomb 1s defined In terms of 
the ampere as being exacfy one ampere-second: 1C = 1A-s. 


20-7 Solenoids and Electromagnets 


A long coïl of wire consisting of many loops (or turns) oŸ wire is called a solenoid. 
The current in each loop produces a magnetic field, as we saw 1n Fig. 20-9. 'The 
magnetic field within a solenoid can be fairly large because 1t 1s the sum oŸ the fields 
due to the current in each loop (Eig. 20-28). A solenoid acts like a magnef; one end 
can be considered the north pole and the other the south pole, depending on the direc- 
tioön of the current in the loops (use the right-hand rule). Since the magnetic field 
lines leave the north pole of a magnet, the north pole of the solenoid 1n Eig. 20-28 1s 
on the right. As we wiÏl see in the next Section, the magnetic field inside a tightly 
wrapped solenoid with  turns of wire in a length É, each carrying current !, 1s 
B=h m— (20-8) 

TỶ a piece of Iron 1s placed inside a solenoid, the magnetic field 1s increased 
øreatly because the iron becomes a magnet. The resulting magnetic field is the sum 
of the field due to the current and the field due to the 1ron, and can be hundreds or 
thousands of times the field due to the current alone (see Section 20—12). Such an 
1ron-core solenoid 1s an elecfromagnet. 

Electromagnets have many practical applications, from use in motors and 
generafors to producing large magnetic fields for research. Sometimes an iron 
COre 1S not present—the magnetic field then comes only from the current in the 
wrre coils. A large field in this case requires a large current 7, which produces a 
large amount of waste heat (P = 72R). But ¡f the current-carrying wires are made 
Of superconducting material kept below the transition temperature (Section 18-9), 
very hiph fields can be produced, and no electric power ¡s needed to maintain 
the large current in the superconducting coils. Energy 1s required, however, to 
refrigerate the coils at the low temperatures where they superconduct. 


Another useful device consists of a solenoid into which a rod of 1ron 1s 
partially inserted. This combination 1s also referred to as a solenoid. One simple 
use is as a doorbell (Fig. 20-29). When the circuit is closed by pushing the button, 
the coil effectively becomes a magnet and exerts a force on the 1ron rod. The rod 
1s pulled into the coil and strikes the bell. A large solenoid 1s used for the starter 
Of a car: when you engaøe the sfarter, you are closing a circuit that not only turns 
the starter motor, but first acftivates a solenoid that moves the starter Into direct 
contact with the gears on the engine's flywheel. Solenoids are used a lot as switches 
1n cars and many other devices. They have the advantage of moving mechanical 
parts quickly and accurately. 


Magnetic Circuit Breakers 


Modern circuit breakers that protect houses and buildings from overload and fire 
contain not only a “thermal” part (bimetallic strip as described In Section 18~ó, 
Eig. 18-19) but also a magnetic sensor. If the current is above a certain level, the 
magnefic field the current produces pulls an iron plate that breaks the same contact 
poïnts as in Figs. 18—19b and c. Magnetic circuit breakers react quickly (< 10 ms), 
and for buildings are desipned to react to the hiph currents of short circuits (but 
not shut off for the start-up surøes of motor$). 

In more sophisticated circuit breakers, Including ground fault circuIt Infer- 
rupters (GFCIs——discussed in Section 21—9), a solenoid 1s used. The iron rod of 
Fig. 20-29, instead of striking a bell, strikes one side of a palr of electric contact 
poinfs, opening them and opening the circuit. They react very quickly (“1 ms) 
and to very small currenfs (5 mA) and thus protect humans (not just property) 
and save lives. 


20-8 Ampère's Law 


The relation between the current In a long straight wIire and the magnetic field 1t 
produces 1s given by Eq. 20—6, Section 20—5. This equation 1s valid øzy for a long 
straipht wrre. Is there a general relation between a currenf In a wire of any 
shape and the magnetic field around 1t? Yes: the Erench sclentist André Marle 
Ampère (1775-1836) proposed such a relation shortly after Oersted”s discovery. 
Consider any (arbitrary) closed path around a current, as shown In Eig.20—30, and 
imagine this path as being made up of short segments each of lenpth A£. We 
take the product of the length of each segment times the component of magnetic 
field B parallel to that segment. If we now sum all these terms, the result (accord- 
¡ng to Ampère) will be equal to ạ times the net current 7¿ne¡ that passes through 
the surface enclosed by the path. This is known as Ampère”s law and can be written 

>BIAt =_ mẹ la. (20-9) 
The symbol > means “the sum of” and Bị means the component of B parallel to 
that particular A£. The lengths A# are chosen small enough so that Öị 1s essen- 
tially constant along each length. The sum must be made over a closed path, and 
l¿n«¡ 1S the total net current enclosed by this closed path. 
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FIGURE 20-29 Solenoid used as a 
đoorbell. 
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=r FIGURE 20-30 Arbitrary path 
( enclosing electric currenfs, for 
Ampère'”s law. The path Is broken 
down into segments of equal leneth A/. 
The total current enclosed by the 
path shown 1s fencị = h + b. 
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Field Due to a Straight Wire 


We can check Ampère”s law by applying 1t to the simple case of a long straight 
wWire carrying a current /. Let us find the magnitude of 8 at point P, a distance r 
from the wire In Eig. 20-31. The magnetic field lines are circles with the wire at 
their center (as in Fig. 20-8). As the path to be used in Eq. 20-9, we choose a 
convenient one: a circle of radius z, because at any point on this path, B will be 
tangent to this circle. For any short segment of the cirele (Eig. 20-231), B will be 
parallel to that segment, so Bị = B. Suppose we break the circular path down 
into 100 segments.” Then Ampère's law states that 


The dots represent all the terms we did not write down. AlI the segments are the 


same distance from the wire, so by sy#wefry we expect Ö to be the same at each 
FIGURE 20-31 Circular path of segment. We can then factor out 7Ø from the sum: 


radius r. B(At, + Áf; + Af; + --- + À tu) = TỬ, 


The sum of the sepment lengths A equals the circumference of the circle, 2zrr. Thus 
we have 


B(2mr) = mại, 
Or 


Thịs 1s Just Eq. 20—6 for the magnetic field near a long straight wire, so Ampère”s 
law aprees with experiment 1n this case. 
A great many experiments Indicate that Ampère”s law 1s valid In general. 
Practically, 1t can be used to calculate the magnetic field mainly for simple or 
symmetric situatlons. Its Importance 1s that 1t relates the magnetic field to the 
current In a direct and mathematically elegant way. Ampère”s law 1s considered 
FIGURE 20-32 (a) Magnetic field one of the basic laws of electricity and magnetism. It is valid for any situation 


due to several loops of a solenoid. where the currenfs and fields are not changing in time. 
(b) For many closely spaced loops, 


the field is very nearly uniform. Field Inside a Solenoid 


We now use Ampère's law to calculate the magnetic field Inside a solenoid 
(Section 20-7), a long coil of wire with many loops or turns, Fig. 20-32. Each 
loop produces a magnetic field as was shown 1n Fig. 20-9, and the total field 
1nside the solenoid will be the sum of the fields due to each current loop as shown 
1n Fig. 20—32a for a few loops. If the solenoid has many loops and they are close 
together, the field inside will be nearly uniform and parallel to the solenoid axIs 
except at the ends, as shown 1n Eig. 20—32b. Outside the solenoid, the field lines 
Spread out 1n space, so the magnetic field 1s muụch weaker than mnside. For apply- 
ing Ampère”s law, we choose the path abcd shown 1n Eig. 20—33 far from either 
end. We consider this path as made up of four straight segments, the sides of the 
rectangle: ab, bc, cd, da. Then Ampère's law, Eq. 20-9, becomes 


(BỊ AĐay + (BỊAĐhbc + (BỊ AĐ)ca + (BỊ AĐaa — bọ kaa. 
The first term In the sum on the left will be (nearly) zero because the 


field outside the solenoid 1s negligible compared to the field mside. Furthermorc, 
B 1s perpendicular to the segments bc and da, so these tferms are zero, too. 


Ô, KXXXXXXXXXXX%X%2232%2a 


TActually, Ampère”s law is precisely accurate when there is an infinite number of infinitesimally short 


(b) segmentfs, but that leads into calculus. 
Current 
FIGURE 20-33 Cross-sectional view Into a Out OŸ 
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except at the ends. Red dashed lines indicate B 
the path chosen for use in Ampère”s law. kỉ heuSoaiznirss.sguiondssts2iem em. ) 
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Thus the left side oŸ our Ampère equation we Just wrote becomes (Bị A).4 = BI, 
where 7ÿ ¡s the field inside the solenoid, and £ ¡s the lenpth cd. We set BÉ equal to 
ọ times the current enclosed by our chosen rectangular loop: 1ƒ a current 7 flows 
1n the wire of the solenoid, the total current enclosed by our path abcd 1s N!, 
where X is the number of loops (or turns) our path encircles (five in Fig. 20-33). 
Thus Ampère'”s law ø1ves us 


BE = ạNl, 
SƠ 
IN 
4 se : [solenoid]  (20~8 agam) 


as we quofed In the previous Section. This 1s the magnetic field magnitude inside 
a solenoid.  depends only on the number of loops per unit length, N/£, and the 
current 7. The field does not depend on the position within the solenold, so B 1s 
unform Inside the solenoid. This 1s strictly true only for an Infimite solenoid, but 
1f 1S a good approximation for real ones at poinfts not close to the ends. 

The direction of the magnetic field Inside the solenoid 1s found by applying 
ripht-hand-rule-1, Fig. 20—8d (see also Eigs. 20—9 and 20—10), and 1s as shown 1n 
Fig. 20-33. 


20-9 Torque on a Current Loop; 
Magnetic Moment 


When an electric current flows In a closed loop of wire placed in an external 
magnetic field, as shown 1n Eig. 20-34, the magnetic force on the current can 
produce a torque. Thịs 1s the principle behind a number of Important practical 
devices, including motors and analog voltmeters and ammeters, which we discuss 
1n the next Section. 

Current flows through the rectangular loop in Fig. 20-34a, whose face we 
assume is parallel to B. B exerts no force and no torque on the horizontal 
segments of wire because they are parallel to the field and sin Ø = 0 in Eq.20-1. 
But the magnetic field does exert a force on each of the vertical sections of wire 
as shown, E, and E; (see also top view, Fig. 20-34b). By right-hand-rule-2 
(Fig. 20—-11c or Table 20-1) the direction of the force on the upward current on 
the left is in the opposite direction from the equal magnitude force E; on the 
downward current on the right. These forces g1ve rise to a net torque that acts to 
rofate the coil about 1ts vertical ax1s. 

Let us calculate the magnitude of this torque. From Edq. 20-2 (current L B), 
the force #ˆ = Ƒ4Ö, where ø ¡s the length of the vertical arm of the coil (Eig. 20—34a). 
The lever arm for each force is b/2, where Ðb is the width of the coil and the “axis” 
is at the midpoint. The torques around this axis produced by F) and E; act in the 
same direction (Fig.20—34b), so the total torque 7 1s the sum of the two torques: 

T.= laB + laB 2 = labB = IAB, 
where A4 = ab 1s the area of the coil. If the coil consists of  loops of wire, the 
current 1s then /, so the torque becomes 


T7 = NIAB. 
TỶ the coil makes an angle with the magnetic field, as shown 1n Fig. 20—34c, the 
forces are unchanged, but cach lever arm is reduced from 2b to 3bsin 0. Note 
that the angle Ø is taken to be the angle between B and the perpendicular to the 
face of the coil, Eig. 20—34c. So the torque becomes 

T = NIABsin0. (20-10) 
Thịs formula, derived here for a rectangular coIl, 1s valid for any shape of flat coil. 

The quantity /A 1s called the magnefic dipole moment of the coll: 
M = NIA (20-11) 


and 1s considered a vector perpendicular to the coIl. 


AxIs OŸ rotation 


M =NIA 
Ể) (1 to coïil face) 


FIGURE 20-34 Calculating the 
torque on a current loop In a 
magnetic field B. (a) Loop face 
parallel to B field lines; (b) top view; 
(c) loop makes an angle to B, 
reducing the torque since the lever 
arm 1s reduced. 
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FIGURE 20-35 Galvanometer. 


FIGURE 20-36 Galvanometer coil 
(3 loops shown) wrapped on an iron 
COF€. 


Pointer 


lron core 
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Torque on a coil. A circular loop of wire has a diameter of 
20.0 cm and contains 10 loops. The current In each loop 1s 3.00 A, and the coIÏ 1s 
placed 1n a 2.00-T external magnetic field. Determine the maxinmum and mini- 
mum torque exerted on the coil by the field. 


APPROACH Equation 20-10 ¡s valid for any shape of coil, mncluding circular 
loops. Maximum and minimum torque are determined by the angle Ø the coil 
makes with the magnetic field. 


SOLUTION The area of one loop of the coIÏ 1s 
A = zrˆ = 7(0.100m)” = 3.14 x 10 ”mử. 


The maximum torque occurs when the coils face 1s parallel to the magnetic 
field, so Ø = 90° in Rig.20—34c, and sin Ø0 = 1 in Eq.20-10: 


7 = NIABsin0 = (10)(3.00A)(3.14 x 10”m”)(2.00T)(1) = 1.88N-m. 


The minimum torque occurs 1 sin Ø0 = 0, for whích Ø0 = 0”, and then 7 = 0 from 
Eq. 20-10. 
NOTE Tí the coiïl ïs free to turn, it will rotate toward the orientation with Ø = 0°. 


20-10 Applications: Motors, 
Loudspeakers, Galvanometers 


There are many practical applications of the forces related to magneftism. Among 
the most common are mofors and loudspeakers. First we look at the galvanometer, 
which 1s the easiest to explain, and which you find on the instrument panels of 
automobiles and other devices whose readout 1s via a pointer or needle. 


Galvanometer 


The basic component of analog meters (those with pointer and dial), imncluding 
analog ammeters, voltmeters, and ohmmeters, Including gauges on car dash- 
boards, is a galvanometer. We have already seen how these meters are desipned 
(Section 19—§), and now we can examine how the crucial element, a galvanometer, 
works. As shown In Fig. 20-35, a galvanomefer consis(s of a coll of wire (with 
attached pointer) suspended in the magnetic field of a permanent magnet. When 
current flows through the loop of wire, the magnetic field ö exerts a torque 7 on 
the loop, as g1ven by Eq. 20-10, 


7T = NIABsin0. 


This torque 1s opposed by a spring which exerts a tforque 7; approximately 
proportional to the angle ¿ through which it is turned (Hooke”s law). That Is, 


where & 1s the stiffness constant of the spring. The coil and attached pointer 
rofafte to the angle where the torques balance. When the needle is in equilibrium 
af rest, the torques have equal magnitude: kẻ = N/AB sin0, so 


NIABsin 0 : 
k 


The deflection of the pointer, ở, 1s directly proportional to the current 7 flowing 
in the coil, but also depends on the angle Ø the coil makes with B. For a useful 
meter we necd ở to depend only on the current 7, independent of 6Ø. To solve this 
problem, magnets with curved pole pieces are used and the galvanometer colÏ 1s 
wrapped around a cylindrical iron core as shown m Fig. 20—36. The 1ron tends to 
concentrate the magnetic field lines so that B always points parallel to the face of 
the coil at the wire outside the core. The force 1s then always perpendicular to the 
face of the coil, and the torque will not vary with angle. Thus j wIll be propor- 
tional to ?/, as required for a useful meter. 


= 


Electric Motors 


An elecfrie mofor changes electric energy into (rotational) mechanical energy. 
A motor works on the same principle as a galvanometer (a torque is exerted on a 
current-carrying loop in a magnetic field) except that the coïl must turn continu- 
ously in one direction. The coil 1s mounted on an 1ron cylinder called the rofor or 
armature, Eig.20—37. Actually, there are several coils, although only one 1s indicated 
1n Eig. 20-37. The armature is mounted on a shaft or axle. When the armature 
1s 1n the posiflon shown In Eig. 20-37, the magnetic field exerts forces on the 
current in the loop as shown (perpendicular to B and to the current direction). 
However, when the coil, which 1s rotating clockwise in Fig. 20—37, passes beyond 
the vertical position, the forces would then act to return the coil back toward the 
vertical 1Ÿ the current remained the same. But 1f the current could be reversed at 
that critical moment, the forces would reverse, and the coil would continue rofating 
1n the same direction. Thus, alternation oÝ the currenf 1s necessary 1Ÿ a motOr 1s fO 
turn continuously In one direction. This can be achieved In a de mofor with the use 
Of commufators and brushes: as shown 1n Fig. 20-38, input current passes through 
stationary brushes that rub against the conducting commutators mounted on the 
motor shaft. At every half revolution, each commutator changes 1fs connection 
over to the other brush. Thus the current in the coil reverses every half revolution 
as required for confInuous rofation. 


Lead wires to armature coIl 
Commutator 


FIGURE 20-38 Commutator-brush 
arrangement In a dc mofor enSures 
alternation of the current In the 
armature to keep rotation continuous 
1n one đirection. The commuftators are 
attached to the motor shaft and turn 
with 1(, whereas the brushes remain 
statlonary. 


Most mofors contain several coils, called œøidngs, each connected to a different 
portion of the armature, Fig. 20-39. Current flows through each coil only during a 
small part oŸ a revolution, at the time when Ifs orientafion results in the maximum 
torque. In this way, a motor produces a much steadier torque than can be obtained 
from a single coIl. 

An ac mofor, with ac currenf as input, can work without commutafors since the 
current 1tself alternates. Many motors use wire coils to produce the magnetic field 
(electromagnets) instead of a permanent magnet. Indeed the design of most motors 
1s more complex than described here, but the general principles remain the same. 


Loudspeakers and Headsets 


Loudspeakers and audio headsets also work on the principle that a magnet exerfs 
a force on a current-carrying wire. The electrical output of a stereo or TV set 1s 
connected to the wire leads of the speaker or earbuds. The speaker leads are 
connected internally to a coil of wire, which 1s 1fself attached to the speaker cone, 
Fig. 20-40. The speaker cone 1s usually made of stifened cardboard and 1s 
mounted so that ¡t can move back and forth freely (except at 1ts attachment on 
the outer edges). A permanent magnet is mounted directly in line with the coïl of 
wire. When the alternating current of an audio signal flows through the wire coIl, 
which 1s free to move within the magnet, the coil experiences a force due to the 
magnetic field of the magnet. (The force is to the ripht at the instant shown in 
Fig. 20-40, RHR-2, page 568.) As the current alternates at the frequency of the 
audio signal, the coil and attached speaker cone move back and forth at the same 
frequency, causing alternate compressions and rarefactions of the adjacent aIr, 
and sound waves are produced. A speaker thus changes electrical energy Into 
sound enersy, and the frequencies and intensities of the emitted sound waves can 
be an accurate reproduction of the electrical input. 
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FIGURE 20-37 Diagram of a simple 
dc motor. (Magnetic field lines are 
as shown In Fig. 20—36.) 


FIGURE 20-39 Motor with many 
windingøs. 
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FIGURE 20-40 Loudspeaker. 
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FIGURE 20-41 Bainbridge-type 
mass spectrometer. The magnetic 
fñields ö and Ö” poïnt out of the 
paper (indicated by the dots). 
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A mass specfrometer 1s a device to measure masses OŸ atoms. It is used today not 
only 1n physIcs but also in chemistry, geology, and medicine, often to 1dentify atoms 
(and their concentration) in øIven samples. lons are produced by heating the sam- 
ple, or by using an electric current. As shown ¡n Fig. 20-41, the Ions (mass zm, 
charge g) pass through slit S; and enter a region (before S;) where there are 
crossed (L) electric and magnetic fields. lons follow a straipht-line path ïn this 
region If the electric force øÈ (upward on a positive ion) 1s just balanced by the 
magnetic force w (downward on a positive ion): that 1s, IÝ gE = q0, or 


Only those ions whose speed is ø = F/B will pass through undeflected and 
emerge through slit S;. (This arrangement 1s called a velocify selecfor.) In the 
semicircular region, after S;, there 1s only a magnetic field, Ø”, so the lons follow 
a circular path. The radius of the circular path 1s found from their mark on film, 
or by detectors, 1ƒ Ø' 1s fixed. I Instead r 1s ñixed by the position of a detectfor, 
then Ö' 1s varied until detection occurs. Newton”s second law, ># = ma, applied to 
an 1on moving 1n a circle under the influence only of the magnetic field B' gives 
quB' = mù°”/r. Since ò = E/B, we have 


qBTr qBBr 
Mỹ Tu sen PT (20-12) 
All the quantities on the right side are known or can be measured, and thus # can 
be determined. 

Historically, the masses of many atoms were measured this way. When a pure 
substance was used, 1t was sometimes found that two or more closely spaced 
marks would appear on the film. For example, neon produced two marks whose 
radii corresponded to atoms of 20 and 22 atomic mass units (u). ImpuritIles were 
ruled out and 1t was concluded that there must be two types of neon with differ- 
ent masses. These different forms were called isotopes. Ít was soon found that most 
elements are mixtures of Isotopes, and the difference In mass 1s due to đifferent 
numbers of neutrons (discussed in Chapter 30). 


Mass spectrometry. Carbon atoms of atomic mass 12.0 u 
are found to be mixed with an unknown element. In a mass spectrometer with 
fixed Ö', the carbon traverses a path of radius 22.4 em and the unknown path has 
a 26.2-cm radius. What is the unknown element? Assume the 1ons of both elemenfts 
have the same charge. 


APPROACH The carbon and unknown atoms pass through the same electric 
and magnetic fields. Hence their masses are proportional to the radius of the1r 
respective paths (see Eq. 20—12). 


SOLUTION We write a ratio for the masses, using Eq. 20—12: 
Hy qBBr,/E Fy 


Họ — qBBrVc/E Fe 


26.2 cm 
= =' 1:17; 
22.4cm 


Thus zy = 1.17 x 12.0u = 14.0u. The other element 1s probably nitrogen 
(see the Periodic Table, inside the back cover). 


NOTE The unknown could also be an isotope such as carbon-14 (l4C). See 
Appendix B. Further physical or chemical analysis would be needed. 


*20—-12 Ferromagnetism: 
Domains and Hysteresis 


We saw in Section 20-1 that iron (and a few other materials) can be made Into 
strong magnets. These materials are said to be ferromagnetic. 


* Sources of Ferromagnetism 


Microscopic examination reveals that a plece of Iron 1s made up oŸ tiny reø1ons 
known as domains, less than 1 mm ïn length or width. Each domain behaves like 
a tiny magnet with a north and a south pole. In an unmagnefized piece of Iron, 
the domains are arranged randomly, Fig. 20-42a. The magnetic effects of the 
domains cancel each other out, so this piece 0Ÿ Iron 1s not a magnet. In a magnet, 
the domains are preferentially aligned In one direction as shown In Fig. 20—42b 
(downward ïn this case). A magnet can be made from an unmagnetized piece of 
1ron by placing it in a strong magnetic field. (You can make a needle magnetic, 
for example, by stroking it with one pole of a strong magnet.) The magnetization 
đirection of domains may actually rotate slightly to be more nearly parallel to the 
external field, and the borders of domains may move so domains with magnetic 
Orientation parallel to the external field grow larger (compare Figs. 20—42a and b). 

We can now explain how a magnet can pick up unmagnetized pIeces oŸ Iron 
like paper clips. The magnet”s field causes a slight realignment of the domains in 
the unmagnetized obJect so that 1t becomes a temporary magnet with 1ts north pole 
facing the south pole of the permanent magnct; thus, attraction results. Similarly, 
elongated 1ron filings 1n a magnetic field acqurre aligned domains and align them- 
selves to reveal the shape of the magnetic field, Fig. 20-43. 

An 1ron magnet can remain magnetized for a long time, and 1s referred to as 
a “permanent magnet.” But 1f you drop a magnet on the floor or strike 1t with a 
hammter, you can Jar the domains Into randomness and the magnet loses some or 
all of1(s magnetism. Heating a permanent magnet can also cause loss of magnetism, 
for raising the temperature increases the random thermal moftion of atoms, which 
tends to randomize the domains. Above a certain temperature known as the 
Curie femperature (1043 K for 1ron), a magnet cannot be made at all. 

The striking similarity between the fields produced by a bar magnet and by 
a loop of electric current (Eigs. 20—4b, 20-9) offers a clue that perhaps magnetic 
fields produced by electric currents may have something to do with ferromagnetism. 
According to modern atomic theory, atoms can be rouphly visualized as having 
electrons that orbit around a central nucleus. The electrons are charged, and so 
constitute an electric current and therefore produce a magnetic field. But the 
fields due to orbiting electrons end up adding to zero. Electrons themselves pro- 
duce an additional magnetic field, almost as 1f they and their electric charge were 
spinning about their own axes. And it is this magnetic field due to electron spin” 
that 1s believed to produce ferromagnetism 1n most ferromagnetic mater1als. 

Tt 1s believed today that ai magnetic fields are caused by electric currents. 
This means that magnetic field lines always form closed loops, unlike electric 
field lines which begin on positive charges and end on negative charges. 


* Magnetic Permeability 


lỶ a piece of ferromagnetic material like iron 1s placed Inside a solenoid to 
form an electromagnet (Section 20—7), the magnetic fñield increases øreatly over 
that produced by the current In the solenoid coils alone, offen by hundreds 
or thousands of times. This happens because the domains in the Iron become 
aligned by the external field produced by the current in the solenoid coll. 


“The name “spin” comes from an early suggestion that this intrinsic magnetic field arises from the 
electron “spinning” on Ifs axis (as well as “orbiting” the nucleus) to produce the extra field. However, 
this view of a spinning electron is oversimplifiied and not valid (see Chapter 28). 
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(b) 
FIGURE 20-42 (a) An unmasnetized 
plece 0Ý Iron 1s made up of domains 
that are randomly arranged. Each 
domain ¡s like a tiny magnet; the 
arroWs represent the magnetization 
direction, with the arrowhead being 
the N pole. (b) In a magnet, the 
domains are preferenfially aligned in 
one direction (down ïn this case), 
and may be altered In size by the 
magnetization process. 


FIGURE 20-43 Iron filinss line up 
along magnetic field lines due to a 
permanent magnet. 


$*CAUTION 


B lines ƒorm closed loops, 
E lines start on ® and end on @ 
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FIGURE 20-44 Iron-core toroid. 


The total magnetic field B is then the sum of two terms, 
B = Bụạ + Bụ,. 

B, is the field due to the current in the solenoid coil and Bụ is the additional field due 
to the iron. Often Bụ; >> Bạ. The total field can also be written by replacing the 
constant „in Eq.20—8 (B = mạ N1/£ for a solenoid) by another constant called 
the magnefic permeability ¿u, which 1s characteristic of the magnetic material inside 
the coil. Then Ö = N!/f. For ferromagnetic materials, is much greater 
than ạ. Eor all other materials, its value ¡is very close to ,ạ. The value of ø, 
however, 1s not constant for ferromagnetic materials; 1 depends on the strength 
Of the “external” field Bạ, as the following experiment shows. 


* Hysteresis 
Measurements on magnetic materials often use a forus or foroid, which 1s like a 
long solenoid bent into the shape of a donut (Eig. 20-44), so practically all the 
lines of B remain within the toroid. Consider a toroid with an iron core that is 
Iintially unmagnetized and there 1s no current In the wire loops. Then the current 7 
1S slowly Increased, and ZØạ (which 1s due only to 7) Increases linearly with 7. The 
total field 8 also increases, but follows the curved line shown im FEig. 20-45 
which 1s a graph of total Ø vs. Bạ. Initially, point a, the domains are randomly 
oriented. As ;Öạ increases, the domains become more and more aligned until at 
point b, nearly all are aligned. The iron 1s said to be approaching safurafion. 


FIGURE 20-45 Total magnetic field Ö in an FIGURE 20-46 Hysteresis curve. 
1ron-core toroid as a function of the external 


field Bụ (ñu 1s caused by the current 7 ïn the coll). 
We use gauss (1 G = 10T) so that labels 
are clear. 
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Next, suppose current in the coil is reduced, so the field Bụ decreases. If the current 
(and Ö¿) is reduced to zero, point c im Eig. 20-46, the domains do zø become 
completely random. Instead, some permanent magnetism remains in the iron 
core. IÝ the current 1s Increased in the opposite direction, enough domains can be 
turned around so the total ö becomes zero at point d. As the reverse currentf 1s 
Increased further, the Iron approaches saturation 1n the opposite direction, poïnt e. 
Finally, If the current 1s again reduced to zero (point ƒ) and then Increased in 
the original direction, the total field follows the path efgb, again approaching 
Saturaftion at poïnt b. 

Notice that the field did not pass through the origin (point a) im this cycle. 
The fact that the curve does not retrace 1tself on the same path 1s called hysteresis. 
The curve bcdefgb 1s called a hysferesis loop. In such a cycle, much energy 1s 
transformed to thermal energy (friction) due to realigning of the domains. Note 
that at poinfs c and £, the iron core 1s magneftized even thouph there 1s no currenf 
1n the coils. These poInts correspond to a permanent magnet. 

TAII materials are slightly magnetic. Nonferromagnetic materials fall into two principal classes: 
(1) paramagnetic materials consist of atoms that have a net magnetic dipole moment which can align 
sliphtly with an external field, Just as the galvanometer coil in Fig. 20-35 experiences a torque that 
tends to alien it; (2) đdiamagnetic materials have atoms with no net dipole moment, but in the pres- 
ence of an external field electrons revolving in one direction increase ¡in speed slightly whereas 


electrons revolving in the opposite direcfion are reduced in speed; the result is a slight net magnetic 
effect that opposes the external field. 


 Summary 


A magnet has two poles, north and south. The north pole 1s that 
end which poinfs toward geographic north when the magnet 1s 
freely suspended. Like poles of two magnets repel each other, 
whereas unlike poles attract. 

We can picture that a magnetfic field surrounds every mag- 
net. The SI unit for magnetic field ¡s the tesla (T). 

Electric currents produce magnetic fields. For example, 
the lines of magnetic field due to a current In a straight wire 
form circles around the wire, and the field exerts a force on 
magnetfs (or currents) near it. 

A magnetic field exerts a force on an electric current. For 
a straipht wire of length É carrying a current 7, the force has 
magnitude 

EƑ = I(Bsin0, (20-1) 
where 0 is the angle between the magnetic field B and the cur- 
rent direction. The direction of the force 1s perpendicular to the 
current-carrying wire and to the magnetic field, and is øIven 
by a ripht-hand rule. Equation 20—1 serves as the definition of 
magnetic field B. 

Similarly, a magnetic field exerts a force on a charge g 
moving with velocity of magnitude 

F = q0Bsin0, (20-3) 
where Ø is the angle between ÿ and B. The direction of F is 
perpendicular to ý and to B (again a right-hand rule). The 
path of a charged particle moving perpendicular to a uniform 
magnetic field 1s a circle. 

The magnitude of the magnetic field produced by a cur- 
rent Ƒ 1n a long straipht wire, at a distance r from the wire, 1s 


B= —- (20-6) 


'Two currents exert a force on each other via the magnetic 
field each produces. Parallel currents in the same direction 
attract each other; currenfs In opposite directions repel. 

The magnetic field inside a long tightly wound solenoid is 

B = ọạN!/t, (20-8) 
where N ¡s the number of loops in a length £ of coil, and 7 ¡ïs the 
current in each loop. 

Ampère?s law states that around any chosen closed loop 
path, the sum of each path segment Aƒ times the component 
of B parallel to the segment equals „ạ times the current 7 
enclosed by the closed path: 


SH.ÁŸ' =. tụ ko (20-9) 


The torque z on X loops of current 7 in a magnetic field B 

1S 
T = NIABsin0. (20-10) 

The force or torque exerted on a currenf-carrying wire by a 
magnetc field is the basis for operation of many devices, such 
as mofors, loudspeakers, and galvanomefers used In analog 
electric meters. 

[#A mass spectromefer uses electric and magnetic fields to 
determine the mass of 1ons. | 

[Zlron and a few other materials that are ferromagnetic 
can be made Info strong permanent magnets. FerromagnetIc 
materials are made up of tiny domains——each a tiny magnet— 
which are preferentially aligned in a permanent magnet. When 
1ron or another ferromagnetic material is placed in a magnetic 
field Zo due to a current, the Iron becomes magnetized. When 
the current is turned off, the material remains magnetized; 
when the currentf 1s Increased In the opposite direction, a sraph 
of the total field B versus ụ is a hysteresis loop, and the fact 
that the curve does not retrace itself is called hysteresis.] 


J Questions 


1. A compass needle 1s not always balanced parallel to the 
Earth's surface, but one end may dịp downward. Explain. 

2. Explain why the Earth”s “north pole” 1s really a magnetic 
south pole. Indicate how north and south magnetic poles 
were defined and how we can tell experimentally that the 
north pole 1s really a south magnetic pole. 

3. In what direction are the magnetic field lines surrounding 
a straipht wire carrying a current that is moving directly 
away from you? Explain. 

4. A horseshoe magnet 1s held vertically with the north pole on 
the left and south pole on the right. A wire passing between 
the poles, equidistant from them, carrles a current directly 
away from you. In what direction 1s the force on the wire? 
Explain. 

5. WIII a magnet attract any metallic obJect, such as those made 
of aluminum or copper? (Try ¡t and see.) Why is this so? 

6. TWwO Iron bars attract each other no matter which ends are 
placed close together. Are both magnets? Explain. 

7. The magnetic field due to current In wires in your home 
can affect a compass. Discuss the effect in terms of currenfs, 
1ncluding If they are ac or dc. 

§. Ifa negatively charged particle enters a region of uniform 
magnetic field which 1s perpendicular to the particle”s 
velocity, will the kinetic energy of the particle increase, 
decrease, or stay the same? Explain your answer. (Neglect 
øravity and assume there 1s no electric field.) 


9. In Fig. 20-47, charged particles move In the vicinity of a 
current-carrying wire. For each charged particle, the arrow 
1ndicates the Initial direction of motion of the particle, and 
the + or — Indicates the sign of the charge. For each of 
the particles, Indicate the 
direction of the magnetic 
force due to the mag- 
netic field produced by 


@—  sỐ 


the wIre. Explain. lí 
——— 
FIGURE 20-47 kẻ } 
Ouestion 9. —OQ dẹŒ 


10. Three particles, a, b, and c, enter a magnetic field and 
follow paths as shown in 
Fig. 20-48. What can you @ n @ @®@ 
say about the charge on 
each particle? Explain. 


a,b,c 


FIGURE 20-48 


Ouesfion 10. @ẻ @ @ 


11. Can an iron rod attract a magnet? Can a magnet attract an 
1ron rod? What must you consider to answer these questions? 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


A positively charged particle In a nonuniform magnetic 
field follows the trajectory shown in Fig. 20-49. Indicate 
the direction of the magnetic field at points near the path, 
assuming the path 1s always in the plane of the page, and 
1ndicate the relative magnitudes of the field in each region. 
Explain your answers. 


FIGURE 20-49 Ÿ 2 SN 
Question 12. 


Explain why a strong magnet held near a CRT television 
screen (Section 17-10) causes the picture to become 
distorted. Also, explain why the picture sometimes øoes 
completely black where the field ¡s the strongest. [But 
don't risk damage to your TV by trying thĩs.] 


Suppose you have three iron rods, two of which are magne- 
tized but the third is not. How would you determine which 
two are the magnets without using any additional obJects? 


Can you set a resting electron into motion with a magnetic 
field? With an electric field? Explain. 


A charged particle is moving In a circle under the Influence 
of a uniform magnetic field. If an electric field that points 
1n the same direction as the magnetic field ¡is turned on, 
describe the path the charged particle will take. 


A charged particle moves In a straipht line throuph a partic- 
ular region of space. Could there be a nonzero magnetic field 
1n this repion? TỶ so, øg1ve two possible situations. 


Tf a moving charged particle is deflected sideways In some 
region oŸ space, can we conclude, for certain, that B # 0 
1n that region? Explain. 


Two insulated long wires carrying equal currenfs 7 cross at 
ripht angles to each other. Describe the magnetic force one 
exerts on the other. 


20. 


21. 


22. 


FIGURE 20-50 
Question 22. 


*23. 


*24. 


*25. 


A horizontal current-carrying wIre, free to move in Earth”s 
gravitational field, ¡s suspended directly above a parallel, 
currenf-carrying wire. (2) In what direction is the current in 
the lower wire? (b) Can the lower wire be held in stable equi- 
librium due to the magnetic force of the upper wire? Explain. 
What would be the effect on Ö inside a long solenoid If 
(2) the diameter of all the loops was doubled, (5) the spacing 
between loops was doubled, or (c) the solenoid”s leneth was 
doubled along with a doubling In the total number of loops? 
A type of magnetic switch similar to a solenoid 1s a relay 
(Eig. 20-50). A relay is an electromagnet (the iron rod inside 
the coil does not move) which, when activated, attracfs a 
strip of iron on a pIvot. Design a relay to close an electrical 
switch. A relay is used when you need to switch on a circuIt 
carrying a very large current but do not want that large cur- 
rent flowing through the main switch. For example, a car”s 
starter swi(ch 1s connected to a relay so that the large current 
needed for the starter doesn't pass to the dashboard switch. 


TWwo lons have the same mass, but one 1s singly Ionized and 
the other is doubly Ionized. How wIll their positions on the 
film of a mass spectrometer (Fig. 20-41) differ? Explain. 
'Why wIll either pole of a magnet attract an unmagnetized 
plece of Iron? 

An unmasnetized nail wIll not attract an unmagnetized 
paper clip. However, 1ƒ one end of the naIl is in contact with 
a magnet, the other end 2ø attract a paper clip. Explain. 


 MisConceptual Questions 


1. 


Indicate which of the following wIll produce a magnetic 
field: 

(4a) A magnet. 

(B) The Earth. 

(c) An electric charge at rest. 

(đ) A moving electric charge. 

(c) An electric current. 

(ƒ) The voltage of a battery not connected to anything. 

(ø) An ordinary piece of iron. 


(1) A plece of any metal. 
„ A Currenf In a Wire points Into the page as I1 *A 
shown at the ripht. In which direction 
1s the magnetic field at point A (choose s«B 
below)? 
(4)  (?)  (c) (43 _— (e)None ofthese. 


. In which direction (see above) is the magnetic field at 


point B? 
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4. 


When a charged particle moves parallel to the direction of 
a magnetic field, the particle travels in a 

(a) straight line. (c) helical path. 

() circular path. (4) hysteresis loop. 


„ As a profon moves through space, 1t creates 


(a) an electric field only. 

(5) a magnetic field only. 

(c) both an electric field and magnetic field. 

(đ) nothing; the electric field and magnetic fields cancel 
each other out. 


Which statements about the force on a charged particle 

placed in a magnetic field are true? 

(a) A magnetic force 1s exerted only 1ƒ the particle 1s 
moving. 

() The force 1s a maximum If the particle is moving ¡n the 
đirection of the fñield. 

(c) The force causes the particle to gain kinetic energy. 

(đ) The direction of the force is along the magnetic field. 

(c) A magnetic field always exerts a force on a charged 
particle. 


1. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Which of the following statements ¡s false? The magnetic 
field of a current-carrying wire 

(2) 1s directed circularly around the wire. 

(b) decreases Inversely with the distance from the wire. 

(c) exists only 1ƒ the current in the wire is changing. 

(đ) depends on the magnitude of the current. 


. Á WIT€ carries a current directly away from you. Which way 


do the magnetic field lines produced by this wire point? 

(2) They point parallel to the wire in the direction of the 
Current. 

(b) They point parallel to the wire opposite the direction 
Of the current. 

(c) They point toward the wire. 

(đ) They point away from the wire. 

(c) They make circles around the wire. 


‹ A proton enters a uniform magnetic field that 1s perpen- 


dicular to the proton's velocity (Eig.20—51). What happens 
to the kinetic energy of the proton? 

(2) It increases. 

(b) It decreases. 

(c) It stays the same. 

(đ) It depends on the velocity direction. 
(e) It depends on the Ö field direction. 


để? 


FIGURE 20-51 
MisConceptual Question 9. 


Problems 


10. 


11. 


12. 


For a charged particle, a constant magnetic field can be used 
to change 

(a) only the direction of the particle”s velocity. 

() only the magnitude of the particle”s velocity. 

(c) both the magnitude and direction of the particle's velocity. 
(đ) None of the above. 


Which of the following statements about the force on a 

charged particle due to a magnetic field are not valid? 

(a) It depends on the particle”s charge. 

(ð) It depends on the particle”s velocity. 

(c) It depends on the strength of the external magnetic field. 

(đ) It acts at right angles to the direction of the particle”s 
motion. 

(£) None of the above; all of these statements are valid. 


Two parallel wires are vertical. The one on the left carries 

a 10-A current upward. The other carries 5-A current down- 

ward. Compare the magnitude of the force that each wire 

exerts on the other. 

(z) The wire on the left carries twice as much curren(, so 
1t exerts twIice the force on the ripht wire as the ripht 
one exerts on the left one. 

(5) The wire on the left exerts a smaller force. It creates a 
magnetic field twice that due to the wire on the right; 
and therefore has less energy to cause a force on the 
wire on the ripht. 

(c) The two wires exert the same force on each other. 

(đ) Not enough information; we need the length of the wire. 


20-3 Force on Electric Current in Magnetic Field 


1. 


e 


(D (2) What 1s the force per meter of length on a straight 
wire carrying a 6.40-A current when perpendicular to 
a 0.90-T uniform magnetic field? (5) What I1f the angle 
between the wire and field 1s 35.0°2 


. () How much current is flowing in a wire 4.80 m long If the 


maximum force on it 1s 0.625N when placed In a uniform 
0.0800-T field? 


()A 240-m length of wire stretches between two towers and 
carries a 120-A current. Determine the magnitude of the 
force on the wire due to the Earth's magnetic field of 
5.0 x 10”`T which makes an angle of 68° with the wire. 


(DA 2.6-m length of horizontal wire carries a 4.5-A current 
toward the south. The dịp angle of the Earth's magnetic 
field makes an angle of 41” to the wire. Estimate the magnI- 
tude of the magnetic force on the wire due to the Earth's 
magnetic field of 5.5 x 10F`T. 


. () The magnetic force per meter on a wire Is measured to 


be only 45% of its maximum possible value. What is the 
angle between the wire and the magnetic field? 


6. 


£ 


(H) The force on a wire carrying 6.45 A is a maximum of 
1.28N when placed between the pole faces of a magnet. If 
the pole faces are 55.5 cm In diameter, what is the approX- 
1mate strength of the magnetic field? 


. (II The force on a wire is a maximum of 8.50 x 10^N 


when placed between the pole faces of a magnet. The 
current flows horizontally to the ripht and the magnetic 
field 1s vertical. The wire 1s observed to “jump” toward the 
observer when the current is turned on. (z) What type of 
magnetic pole ¡s the top pole face? () If the pole faces have 
a điameter of 10.0 em, estimate the current in the wire IŸ 
the field ¡s 0.220 7T. (c) If the wire 1s tipped so that it makes 
an angle of 10.0? with the horizontal, what force will 1t 
now feel? [Himr: What length of wire will now be ïn the 
field?] 


(TI) Suppose a straipht 1.00-mm-diameter copper wire 
could just “float” horizontally In air because of the force 
due to the Earth's magnetic field B, which is horizontal, 
perpendicular to the wire, and of magnitude 5.0 x 10T. 
'What current would the wire carry? Does the answer seem 
feasible? Explain brIefly. 
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Problems 


20-4 Force on Charge Moving in Magnetic Field 


.: 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


(D Determine the magnitude and direction of the force on 
an electron traveling 7.75 < 107 m/s horizontally to the east 
1n a vertically upward magnetic field of strength 0.45 T. 

(D An electron is projected vertically upward with a speed 
of 1.70 < 108 m/s into a uniform magnetic field of 0.640 T 
that 1s directed horizontally away from the observer. 
Describe the electron”s path in this field. 

(D Alpha particles (charge q = +2e, mass  = 6.6 10” kg) 
move at 1.6 x 105m/s. What magnetic field strength 
would be required to bend them ¡into a circular path of 
radius r = 0.14m? 

(ID Eind the direction of the force on a negative charge for 
each diagram shown In Fig. 20-52, where Ÿ (green) is the 
velocity of the charge and B (blue) is the direction of the 
magnetic field. (&Ò means the vector poinfs inward. € means 
1t points outward, toward you.) 


s B 

v RP 
——- #S 6 =. 
YB v B ý 


(a) (b) (c) (đ) 
, 
FIGURE 20-52 M B 
Problem 12. (e) l8) 


(D Determine the direcion of B for each case in 
Fig. 20-53, where E represents the maximum magnetic 
force on a positively 


charged particle moving ll F 
with velocIty Ÿ. _. @ | 
F ý = 
FIGURE 20-53 F l 

(b) (c) 


Problem 13. (a) 


(II) What 1s the velocity of a beam of electrons that øoes 
undeflected when moving perpendicular to an electric 
and to a magnetic field. E and B are also perpendicular 
to each other and have magnitudes 7.7 x 10V/m and 
7.5 x 10T, respectively. What is the radius of the 
electron orbit If the electric field is turned off? 

(II) A helium ion (Q = +2e) whose mass is 6.6 < 10” kg 
1s accelerated by a voltage of 3700 V. (2) What Is Ifs speed? 
(b) What will be its radius of curvature IŸ it moves in a 
plane perpendicular to a uniform 0.340-T field? (c) What 
1s 1s period of revolution? 

(II) For a particle of mass 7+ and charge g moving In a 
circular path in a magnetic field , (2) show that 1s kinetic 
energy is proportional to r^, the square of the radius of curva- 
ture of 1(s path. (b) Show that 1(s angular momentum 
is L = gBr”, around the center of the circle. 

IU A 1.5-MeV (Kkinetic energy) proton enters a 0.30-T 
field, in a plane perpendicular to the field. What 1s the 
radius of1ts path? See Section 17-4. 

(HT) An electron experiences the greatest force as It travels 
2.8 x 10 m/s in a magnetic field when it is moving north- 
ward. The force Is vertically upward and of magnitude 
6.2 <x 10ˆ13N. What is the magnitude and direction of the 
masnetdic field? 

(HI) A proton and an electron have the same kinetic energy 
upon enftering a region of constant magnetic field. What 1s 
the ratio of the radii of their circular paths? 
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20. (HH) A proton (mass z), a deuteron (m = 2mp, Q = ©), 


and an alpha particle (mm = 4mp, Q = 2e) are accelerated 
by the same potential difference V and then enter a uniform 
magnetic field B, where they move in circular paths per- 
pendicular to B. Determine the radius of the paths for the 
deuteron and alpha particle In terms of that for the proton. 


. (HI A 3.40-g bullet moves with a speed of 155 m/s per- 


pendicular to the Earth's magnetic field of 5.00 < 10 ŠT. 
If the bullet possesses a net charge of 18.5 x 102C, by 
what đdistance wïll it be deflected from 1ts path due to the 
Earths magnetic field after ¡t has traveled 1.50 km? 


. (HJ A Haill probe, consisting of a thin rectangular slab of 


current-carrying material, 1s calibrated by placing it In 
a known magnetic fñield of magnitude 0.1071. When the 
field is orlented normal to the slab's rectangular face, 
a Hall emf of 12 mV 1s measured across the slab's width. 
The probe 1s then placed in a magnetic field of unknown 
magnitude Ö, and a Hall emf of 6ó3mV is measured. 
Determine  assuming that the angle Ø between the 
unknown field and the plane of the slab°s rectangular face 
1s (2) Ø0 = 90”, and (b) 9 = 60°. 

(HI) The Hall effect can be used to measure blood flow rafe 
because the blood contains Ions that constitute an electric 
current. (z) Does the siegn of the ions influence the emf? 
Explain. (5) Determine the flow velocity in an artery 3.3 mm 
in diameter If the measured emf across the width of the 
artery 1s 0.13 mV and Ø ¡is 0.0707T. (In actual practice, an 
alternating magnetic field ¡s used.) 

(II) A long copper strip 1.8 cm wide and 1.0 mm thick 1s 
placed In a 1.2-T magnetic field as In Fig. 20-21a. When a 
steady current of 15 A passes throuph 1t, the Hall emf 1s 
measured to be 1.02 V. Determine (4) the drift velocity of 
the electrons and (0) the density of free (conducting) elec- 
trons (number per unit volume) in the copper. [Hí: See also 
Section 18-8.] 


20-5 and 20-6 Magnetic Field of Straight Wire, 


Force between Two Wires 


25. (1) Jumper cables used to start a stalled vehicle often carry 


a 65-A current. How strong 1s the magnetic field 4.5 em 
from one cable? Compare to the Earth's magnetic field 
(5.0 x 10T). 


. (D an electric wire 1s allowed to produce a magnetic field 


no larger than that of the Earth (0.50 x 10 #'T) at a distance 
of 12 cm from the wire, what 1s the maximum current the 
WIre can carry? 

() Determine the magnitude and direction of the force 
between two parallel wires 25m long and 4.0cm apart, 
each carrying 25 A In the same direction. 

(DA vertical straight wire carrying an upward 28-A current 
exerts an attractive force per unit length of 7.8 x 10'*N/m 
on a second parallel wire 9.0cm away. What current 
(magnitude and direction) flows In the second wire? 

(I) In Eig.20—54, a long straipht wire carries current ƒ out of 
the page toward you. Indicate, with approprlate arrows, the 
đirection and (relative) 

magnitude of B at each 

of the points C, D, 


and E ¡in the plane of Cs s«D 
the page. 
1@) 
FIGURE 20-54 38 
Problem 29. So 


30. (II) An experiment on the Earth's magnetic field is being 


3 


32. 


33. 


34. 


35 


36 


37 


38 


39 


carried out 1.00m from an electric cable. What 1s the 
maximum allowable current in the cable 1f the experiment 
1s tO be accurate to + 3.0%? 

(I) A rectangular loop of wire 1s placed next to a straiphf 
wrre, as shown In Eig. 20—55. There 1s a current of 3.5 A in 
both wires. Deter- 


mine the magnitude Dh 
and direction of the | 
net force on the loop. 3.5 A Sử: lu 
5.0 cm 
FIGURE 20-55 | 
Problem 31. k 10.0 em " 


(T) A horizontal compass 1s placed 18 em due south from 
a straipht vertical wire carrying a 48-A current downward. 
In what direction does the compass needle point at this 
location? Assume the horizontal component of the Earth's 
field at this point is 0.45 x 10T and the magnetic 
đeclination 1s 0°. 


(TH) A long horizontal wire carries 24.0 A of current due 
north. What 1s the net magnetic field 20.0 em due west of the 
wrre If the Earth”s field there points downward, 44” below 
the horizontal, and has magnitude 5.0 x 10 ŠT? 


(H) A straight stream of protons passes a øiven point in 
space at a rate of 2.5 < 10” protons/s. What magnetic field 
do they produce 1.5 m from the beam? 


(H) Determine the magnetic field midway between two 
long straipht wires 2.0 cm apart in terms of the current in 
one when the other carries 25 A. Assume these currenfs 
are (z) in the same direction, and (°) in opposite directions. 


(H) Two straight parallel wires are separated by 7.0cm. 
There 1s a 2.0-A current flowing in the first wire. I the mag- 
netic field strength is found to be zero between the two 
Wires at a distance of 2.2 em from the first wIire, what 1s the 
magmitude and direction of the current in the second wire? 


(IH) Two long straipht wires each carry a current 7 out of 
the page toward the viewer, Fig. 20-56. 


Indicate, with appropriate arrows, the direc- TP “h 
tion of B at each of the points 1 to 6 in the «Í 
plane of the page. State 1f the field 1s zero 
at any of the points. `... 
=) 
FIGURE 20-56 
Problem37  /Œ  »*6 


(I A power line carries a current of 95 A west along the 
tops of 8.5-m-high poles. (z) What is the magnitude and 
direction of the magnetic field produced by this wire at 
the ground directly below? How does this compare with the 
Earth's magnetic field of about z G? (b) Where would the 
wire”s magnetic field cancel the Earth”s field? 


(H) A compass needle points 17° E o£fN outdoors. However, 
when It is placed 12.0 cm to the east of a vertical wire Inside 
a building, it points 32” E o£N. What ¡is the magnitude and 
đirection of the current in the wire? The Earth”s field there 
is 0.50 < 10”*7T and is horizontal. 


40. (II) A long pair ofinsulated wires serves to conduct 24.5 A 


FIGURE 20-57 
Problems 40 and 41. 


of dc current to and from an Instrument. If the wires are of 
negligible điameter but are 2.8mm apart, what 1s the 
magnetc field 10.0cm from their midpoint, in their 
plane (Eig.20-57)? 
Compare to the 

magnetic fñield of | | I 
the Earth. 


~ 


10.0cm ———————>® 


— 


2.8mm 


4í. (II) A third wire is placed ¡in the plane of the two wires 


42. 


43 


shown 1n Eig. 20-57 parallel and just to the right. I it 
carries 25.0 A upward, what force per meter of length does 
1t exert on each of the other two wires? Assume ïf 1s 2.8 mm 
from the nearest wire, cenfer to center. 

II) Two long thín parallel wires 13.0 em apart carry 28-A 
curren(s In the same 
direction. Determine 
the magnetic field 
Vector at a point 
100cm from one 
wrre and 6.0cm from 
the other (Fig. 20-58). 


FIGURE 20-58 
Problem 42. 


(IH) Two long wires are oriented so that they are perpen- 
dicular to each other. At their closest, they are 20.0 cm 
apart (Eig. 20-59). What is the magnitude of the magnetic 
field at a point midway between them If the top one carries 
a current of 20.0 A and 


the bottom one carries Ta 
12.0A2 10.0 em 
B=? 
10.0 em 
FIGURE 20-59 —£> Ïp = 12.0 A 


Problem 43. Bottom wire 


20-7 Solenoids and Electromagnets 
44. () A thin 12-cm-long solenoid has a total of 460 turns of 


45. 


46. 


wire and carries a current o£2.0 A. Calculate the field Inside 
the solenoid near the center. 

() A 30.0-cm-long solenoid 1.25cm ¡in diameter is to 
produece a field of 4.65 mT at is center. How much current 
should the solenoid carry 1f 1t has 935 turns of the wire? 
(DA 42-em-long solenoid, 1.6 em In diameter, is to produce 
a 0.030-T magnetic field at 1ts center. If the maxImum cur- 
rent 1s 4.5 A, how many turns must the solenoid have? 
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47. (IU A 550-turn horizontal solenoid is 15 cm long. The current 
1n I{s coils 1s 38 A. A straight wire cuts throuph the center 
of the solenoid, along a 3.0-cem diameter. This wire carrIes 
a22-A current downward (and 1s connected by other wires 
that dont concern us). What 1s the force on this wire 
assuming the solenoid”s magnetic field points due east? 

48. (HI) You have 1.0 kg of copper and want to make a prac- 
tical solenoid that produces the øreatest possible magnetic 
field for a given voltage. Should you make your copper wire 
long and thin, short and fat, or something else? Consider 
other variables, such as solenoid diameter, length, and so 
on. Explain your reasoning. 

20-8 Ampère's Law 

49. (HI) A /oroid is a solenoid In the shape of a donut 
(Fig. 20-60). Use Ampère”s law along the circular paths, 
shown dashed In Eig. 20-60a, to determine that the mag- 
netic field (2) inside the toroid is 8 = ạN1/27R, where 
Ñ 1s the total number of turns, and (5) outside the toroid 
1sẳẲ j=0. (c) Is the field inside a toroid uniform like a 
solenoid”s? TỶ not, how does 1t vary? 


(b) 


FIGURE 20-60 Problem 49. (a) A toroid or torus. 
(b)A section of the toroid showing direction of the 
current for three loops: C means current toward 
you, and ® means currenf away from you. 


50. (II) (z) Use Ampère”s law to show that the magnetic field 
between the conductors of a coaxial cable (Fig. 20—61) 1s 
B= kạọl/2mr 1f r (distance from center) is preater than 
the radius of the inner wire and less than 
the radius of the outer cylindrical 
braid (= ground). 
(b) Show that 
B = 0 outside the 
coaxial cable. 


Insulating 
sleeve 


FIGURE 20-61 
Coaxial cable. 
Problem 50. 


Cylindrical braid 
1 Solid wire 


20-9 and 20-10 Torque on Current Loop, Motors, 
Galvanometers 

Sĩ. (A single square loop of wire 22.0 cm on a side is placed 
with 1ts face parallel to the magnetic field as in Fig. 20—34b. 
'When 5.70 A flows im the coIl, the torque on it is 0.325 m-NÑ. 
'What is the magnetic field strength? 

52. (I) If the current to a motor drops by 12%, by what factor 
does the output torque change? 
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53. () A galvanometer needle deflects full scale for a 53.0-A. 
current. What current wIll give full-scale deflection 1f the 
magnetic field weakens to 0.760 of Its original value? 

54. (II A circular coil 12.0 em in diameter and containing nine 
loops lies flat on the ground. The Earth's magnetic field at 
this location has magnitude 5.50 x 10ˆŸT and points into 
the Earth at an angle of 56.0? below a line pointing due 
north. Ifa 7.20-A clockwise current passes throuph the coIl, 
(a) determine the torque on the coïl, and (5) which edge of 
the coïl rises up: north, east, south, or west? 


*20-11 Mass Spectrometer 

*5S. (1) Protons move ïn a circle of radius 6.10 em in a 0.566-T 
magnetic field. What value of electric field could make thelr 
paths straipht? In what direction must the electric field point? 

*56. (1) In a mass spectrometer, sermanium atoms have radii of 

curvature equal to 21.0, 21.6, 21.9, 22.2, and 22.8 cm. The 

largest radius corresponds to an atomic mass of 76 u. What 
are the atomic masses of the other isotopes? 

(T) Suppose the electric field between the electric plates In 

the mass spectrometer of Fig. 20-41 is 2.88 x 10! V/m and 

the magnetic fields are  = B“ = 0.68T. The source con- 
tains carbon I1sotopes of mass numbers 12, 13, and 14 from 

a long-dead piece of a tree. (To estimate masses of the atoms, 

multiply by 1.67 x 10 ””kg.) How far apart are the lines 

formed by the sinply charged Ions of each type on the photo- 
graphic film? What If the Ions were doubly charged? 

(ID One form of mass spectrometer accelerates ions by a 

voltasge V before they enter a magnetic field Ö. The lons 

are assumed to start from rest. Show that the mass of an 
ion is z = qBˆR”/2V, where R is the radius of the ions' 
path In the magnetic field and g 1s their charge. 

(H) An unknown particle moves ïn a straight line through 

crossed electric and magnetic fields with E = 1.5kV/m 

and B = 0.034 TT. If the electric field 1s turned off, the par- 
ticle moves 1n a circular path of radius r = 2.7cm. What 
mipht the particle be? 

*60. (III) A mass spectrometer 1s monitoring air pollutants. It is 
difficult, however, to separate molecules of nearly equal mass 
such as CO (28.0106 u) and N; (28.0134u). How large a 
radius of curvature must a spectrometer have (Fig. 20-41) 
1ƒ these two molecules are to be separated on the film by 
0.50 mm? 


k=ý/ 


*S8 


ME, 


*20-12 Ferromagnetism, Hysteresis 

#61. ( A long thin iron-core solenoid has 380 loops oŸ wIre per 
meter, and a 350-mA current flows through the wire. If the 
permeability of the Iron 1s 3000/u, what 1s the total field 
Inside the solenoid? 

*62. (II) An mron-core solenoid is 38cm long and 1.8cm ¡in 
diameter, and has 780 turns of wire. The magnetic field 
Iinside the solenoid 1s 2.2 when 48A flows in the wire. 
What Is the permeability at this high field strength? 

*63. (II) The following are some values of 8 and Øụ for a piece 
Of Iron as it is being magnetized (note different units): 


Bạ(10T) 00 0.13 025 050 063 078 10 13 
B(T) 00 0.0042 0.010 0.028 0.043 0.095 0.45 0.67 
Bạ¿(10T) 19 245 6.3 13.0 130 1300 10,000 
B(T) 1.01 1.18 144 158 172 226 3.15 


Determine the magnetic permeability for each value and 
plot a graph of „ versus ñụ. 


 General Problems 


64. Two long straight parallel wires are 15 cm apart. Wire A 73. Four very long straipht parallel wires, located at the corners 
carries 2.0-A current. Wire B°s current is 4.0 A in the same Of a square of side É, 
direction. () Determine the magnetic field magnitude due carry equal currenfs 1o 
to wire A at the position of wire B. (5) Determine the mag- perpendicular to the 
netic field due to wire B at the position of wire A. (c) Are page as shown In 
these two magnetic fields equal and opposite? Why or Fig. 20-64. Determine 
why not? (đ) Determine the force on wire A due to wire B, the magnitude and 
and the force on wire B due to wIire A. Are these two Íorces direction of B at the 
equal and opposite? Why or why not? center C of the square. 
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Protons with momentum 4.8 x 10? kg-m/s are magnet- 
1cally steered clockwise in a circular path 2.2 m In diameter. 
Determine the magnitude and direction of the field in the 
magnets surrounding the beam pipe. 


FIGURE 20-64 
Problem 73. 


74. (a) What value of magnetic field would make a beam of 
electrons, traveling to the west at a speed of 4.8 x 10 m/s, 
go undeflected throuph a region where there is a uniform 
electric field of 12,000 V/m pointing south? (5) What 
1s the direction of the magnetic field 1Ÿ it is perpendicular 
to the electric field? (c) What is the frequency of the circular 
orbit of the electrons 1ƒ the electric field 1s turned off2 

75. Magnetic fields are very useful in particle accelerators for 
“beam steering”; that 1s, the magnetic fields can be used 
to change the direction of the beam of charged particles 

I—~> without altering their speed (Eig.20—65). Show how this could 

E work with a beam of protons. What happens to protons 
that are not moving with the speed for which the magnetic 
ñield was designed? TỶ the field extends over a region 5.0 cm 
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A smaill but rigid U-shaped wire carrying a 5.0-A current 
(Fig. 20-62) 1s placed Inside a solenoid. The solenoid 1s 
15.0 cm long and has 700 loops of wire, and the current 
in each loop 1s 
7.0 A. What is the ~—I=50A 
net force on the 
U)-shaped wire? 


FIGURE 20-62 
Problem 66. 


67. The power cable for an electric trolley (Fig. 20—63) carries 


a hor1zontal current of 330 A toward the east. The Earth's kế Địo : kSiều Hóc bà tai “S.... 
magnetie field has a strength 5.0 < 10”'T and makes an . Ho nã" sỹ 
angle of dip of 22° at this location. Calculate the magnitude siietirdiipfÐtofie —— CC). @ 


and direction of the T=330 A taveline st 
' = 
magnetfic force on an ————°£ 2.5 x 10%m/s 


@ 
18-m length of this B 
caEl= " be bent? @) 


Evacuated tubes, Inside 


FIGURE 20-63 of which the protons move 
Problem 67. FIGURE 20-65 with velocity indicated by 
Problem 75. the øreen arroWs 
68. A particle of charge g moves in a circular path of radius r 76. The magnetic field Ö at the center of a circular coil oŸ wire 
perpendicular to a uniform magnetic field ö. Determine 1ts carrying a current 7 (as in Fig. 20—9) ¡s 
linear momentum In terms of the quantifies g1ven. nọ NI 
69. An airplane has acquired a net charge of 1280 C. If — 3 
the Earth's magnetic field of 5.0 < 10 ŠT is perpendicular where X ïs the number of loops in the coil and r is ifs radius. 
to the airplane's velocity of magnitude 120 m/s, determine Imagine a simple model in which the Earths magnetic 
the force on the airplane. field of about 1 G (= 1 x 10T) near the poles is produced 
70. A 32-cm-long solenoid, 1.8 cm In diameter, 1s to produce a by a single current loop around the equator. Roughly 
0.050-T magnetic field at 1ts center. If the maximum current estimate the current this loop would carry. 
1s 6.4 A, how many turns must the solenoid have? 77. A proton follows a spiral path through a gas in a uniform 
7Í. Near the equator, the Earths magnetic field points magnetic field of 0.010T, perpendicular to the plane of 
almost horizontally to the north and has magnitude the spiral, as shown in Fig. 20—66. In two successive ]oops, 
B = 0.50 x 10T. What should be the magnitude and at points P and Q, the radii are P 8G. 
đirection for the velocity of an electron 1f1ts weipht 1s to be 10.0 mm and 8.5 mm, respectively. “ 3% 
exactly balanced by the magnetic force? Calculate the change in the kinetic „r Ni `. 
72.A doubly charged helium atom, whose mass 1s energy Of the proton as ít travels h : " [9® È ì Đ, lv 
6.6 x 10 ””kg, is accelerated by a voltage of 3200 V. trợm È tọ Ó, x. NV "ŠẴ # ï 
(2) What will be its radius of curvature in a uniform FIGURE 20-66 NÀ=-~⁄ „ 
0.240-T field? (5) What is is period of revolution? Problem 77. kh 


General Problems B87 


78. 


79. 


80. 


81. 


82. 


83. 


§4. 


Two long straipht aluminum wires, each of diameter 0.42 mm, 
carry the same current but in opposife direc- 
tions. They are suspended by 0.50-m-long 
strings as shown In Fig. 20-67. If the 
suspension strings make an angle of 3.02 
with the vertical and are hanging freely, 
what is the current in the wires? 


FIGURE 20-67 
Problem 78. 


An electron enters a uniform magnetic field 8 = 0.23 T at 
a 45° angle to B. Determine the radius r and pitch p (distance 
between loops) of the electron”s helical path assuming Ifs 
speed is 3.0 < 10 m/s. 


See Eig. 20—68. ĩ B 
K 2r——> 
FIGURE 20-68 mem : B 
Problem 79. P 
A motor run by a 9.0-V battery has a 20-turn square coïl 


with sides of length 5.0 em and total resistance 28 O. When 
spinning, the magnetic field felt by the wire in the coll is 
0.020 T. What is the maximum torque on the motor? 


Electrons are accelerated hor1zontally by 2.2 kV. They then 
pass throuph a uniform magnetic field B for a distance of 
3.8 cm, which deflects them upward so they reach the top 
Of a screen 22 cm away, 11 em above the center. Estimate 
the value of Ö. 


A 175-g model airplane charged to 18.0 mC and traveling 
at 3.4m/s passes within 8.6 cm of a wire, nearly parallel to 
1s path, carrying a 25-A current. What acceleration (in ø”s) 
does this Interaction øive the airplane? 


A uniform conducting rod of length £ and mass z sits atop 
a fulcrum, which ïs placed a distance f/4 from the rod's 
left-hand end and is Immersed in a uniform magnetic field 
of magnitude Ö directed into the page (Fig. 20-69). An 
object whose mass Ä 1s 6.0 times greater than the rod”s mass 
1s hung from the rod”s left-hand end. What current (direction 
and magnitude) should flow throuph the rod In order for 
1t to be “balanced” (1.e., be at rest horizontally) on the 
fulcrum?  (Flexible 

connecting wires which bà 
exert negligIble force _+. 


on the rod are not @ @ @&$ @ € 
m 


) >| 


B 
&@ 
&@ 


shown.) 
.i8 ÀS S ® 
FIGURE20-69 | 
Problem 83. & @ @& & & 6G 
Suppose the Earth's magnetic field at the equator has 


magnitude 0.50 < 10T and a northerly direction at all 
points. Estimate the speed a sinply ionized uranium Ion 
(m = 238u, q = +e) would need to circle the Earth 6.0 km 
above the equator. Can you Ignore gravity? [Ignore relativity.] 
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85. 


86. 


87. 


FIGURE 20-71 
Problem 87. 


88. 


A particle with charge ø and momentum ø, initially moving 
along the x axis, enters a region where a uniform magnetic 


field ọ extends over a y 
width x = / as shown in 1@ @Đ% @ 
lÐ @ 
⁄ 


Fig. 20-70. The particle 

1s deflected a distance đ 

1n the +y đirection as It 

traverses the field. Deter- ⁄ 

mine (2) whether đ Is §q & /@ đ 
pOSItive or negative, and 2 

(b) the magnitude of is đ c— * 
momentum 7? ¡In terms of lỌy @ @ 


q., Bạ, £, and d. 
G &? TC) 
FIGURE 20-70 ) 
Problem 8§5. 
A bolt of lightning strikes a metal flag pole, one end of 


which 1s anchored In the ground. Estimate the force the 
Earth's magnetic field can exert on the flag pole while the 
lightning-induced current flows. See Example 18—10. 

A sort of “projectile launcher” is shown in Fig. 20-71. 
A large current moves In a closed loop composed of fixed 
rails, a power supply, and a very light, almost frictionless 
bar (pale green) touching the rails A magnetic field is 
perpendicular to the plane of the circuit. If the bar has a 
length É = 28 cm, amass of 1.5 g, and ¡s placed ïn a field of 
1.7T, what constant current flow 1s needed to accelerate 
the bar from rest to 28 m/s in a distance of 1.0m? In what 
direction must the magnetic field point? 


The cyclotron (Fig. 20-72) 1s a device used to accelerate 
elementary particles such as protons to hiph speeds. Parti- 
cles starting at point A with some Initial velocity travel in 
semicircular orbifs in the magnetic field B. The particles are 
accelerated to hipher speeds each time they pass through 
the gap between the metal “dees,” where there 1s an electric 
field #. (There 1s no electric field inside the hollow metal 
dees where the electrons move ¡n circular paths.) The 
electric field changes direction each half-cycle, owing 
to an ac voltage W = Wqsin2zrƒí, so that the particles 
are Increased in speed at each passage throuph the gøap. 
(2) Show that the frequency ƒ of the voltaee must be 
ƒ = Bq/2mm, where q is the charge on the particles and 
m ther mass. (b) Show that the kinetic energy of the 
particles Increases by 2z Wọ each revolution, assuming that 
the gap 1s small. (c) If the radius of the cyclotron is 2.0m 
and the magnetic field 
strength is 0.50”T, what 
will be the maxInum 
kimetc energy of 
accelerated protons 
in MeV? 


FIGURE 20-72 
A cyclotron. 
Problem 88. 


“Dees” 


89. Three long parallel wires are 3.8cm from one another. 


90, 


(Looking along them, they are at three corners of an equi- 
lateral triangle.) The current in each wire is 8.00 A, but ifs 
direction in wire M 1s opposite to that in wires N and P 
(Fig. 20-73). (a) Determine the magnetic force per unit 
length on each wire due to the other two. (5) In Eig.20—73, 
determine the magnitude and direction of the magnetic 
ñield at the midpoint 
of the line between 
wIre M and wire N. 


FIGURE 20-73 
Problems 89 and 90. 


In Eig. 20-73 the top wrre 1s 1.00-mm-diameter copper wire 
and 1s suspended In air due to the two magnetic Íorces 
Írom the bottom two wires. The current flow through the 
two bottom wires 1s 75 A In each. Calculate the required 
current flow ¡n the suspended wire (M). 


Search and Learn 


9í. You want to get an Idea of the magnitude of magnetic fields 


produced by overhead power lines. You estimate that a 
transmission wire 1s about 13 m above the ground. The local 
power company tells you that the lines operate at 240 kV and 
provide a maximum power of 4ó MW. Estimate the magnetic 
lield you might experience walking under one such power 
line, and compare to the Earth's field. 


92. TWwo long parallel wires 8.20 cm apart carry 19.2-A currenfs 


1n the same direction. Deter- 
mine the magnetic field 
vector at a point P, 12./0cm 
from one wire and 13.0cm 
from the other (Fig. 20-74). 
[Himr: Use the law of cosines; 
see Appendix A or Inside rear 
COV€T.] 


FIGURE 20-74 
Problem 92. 


Í. How many magnetic force equatons are there In 


Chapter 20? List each one and explain when It applies. For 
each magnetic force equation, show how the units work 
Out to ø1ve force In newtons. 


. An electron is moving north at a constant speed of 


3.0 x 10 m/s. (2) In what đirection should an electric field 
point 1f the electron 1s to be accelerated to the easf? (5) In 
what direction should a magnetic field poïnt 1f the electron 
1s to be accelerated to the west? (c) If the electric field of 
part a has a strength of 330 V/m, what magnetic field 
(magnitude and direction) will produce zero net force on 
the electron? (đ) If the electron in part c is moving faster 
than 3.0 x 10'm/s, in which direction will it be accel- 
erated? What ïf it is moving slower than 3.0 x 10°m/s2 
(e) Now consider electrons that move perpendicular to 
both a magnetic field and to an electric field, which are 
perpendicular to each other. If only electrons with speeds 
of 5.5 X 10°m/s go straight through undeflected, what is 
the ratio of the magnitudes of electric field to magnetic 
field? Without knowing the value of the electric field, can 
you know the value of the magnetic field? 

(2) A particle of charge  moves in a circular path of 
radius r in a uniform magnetic field B. If the magnitude of 
the magnetic field is double, and the kinetic energy of the 
particle 1s the same, how does the angular momentum of 
the particle differ? (5) Show that the magnetic dipole 
moment Ä⁄ (Section 20-9) of an electron orbiting the 
proton nucleus of a hydrogen atom 1s related to the orbital 
angular momentum ⁄ of the electron by 


e 
M = ~—L. 
2m 


ANSWERS TO EXERCISES 


A: Near the poles, where the field lines are closer together. 


B: 


Circles, pointing counterclockwIse. 


€: (b), (c), (4). 
D: 0.15N. 
E 


: (b), (c), (4). 


4. (z) Two long parallel wires, each 2.0 mm ¡in diameter and 


9.00 em apart, carry equal 1.0-A curren(s In the same direc- 
tion, Eig.20-75. Determine B along the x axis between the 
WIres as a function 
of x. (b) Graph 
B vs x from 
x=1/00mm to 
x = 890mm. 


FIGURE 20-75 
Search and Learn 4. 


5. The force on a moving particle in a magnetic field 1s the idea 


behind electromagnefic pumping. Ï( can be used to pump 
metallic fluids (such as sodium) and to pump blood in 
articial heart machines. A basic design is shown 1n 
Fig. 20-76. For blood, an electric field is applied perpen- 
đicular to a blood vessel and to the magnetic field. Explain 
in detail how 1ons in the blood are caused to move. Do 
poslive and negative 
1ons feel a force in the 
same direction? 


FIGURE 20-76 
Electromagnetic pumping 
1n a blood vessel. 

Search and Learn 5. 


E: Zero. 
G: Negative; the helical path would rofate in the opposIte 


đirection (still goïng to the right). 


H: 0.8 x 10T, up. 
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Search and Learn 


One of the great laws of physIcs 1s 
Faraday°s law of induction, which 
says that a changing magnetic flux 
produces an Induced emf This photo 
shows a bar magnet moving Into (or 
out of) a coil of wire, and the 
galvanometer registers an induced 


current. 


This phenomenon of 


electromagnetic induction 1s the 


basIs for many practical devices, 


1ncluding øenerators, alternafOrs, 


transformers, magnetic recording on 
tape or disk (hard drive), and 
compufter memory. 
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Electromagnetic Inductfion 
and Faradays Law 


CHAPTER-OPENING QUESTION-——Guess now! 

In the photograph above, the bar magnet 1s Inserted down 1nto the coil of wire, 
and 1s left there for 1 minute; then 1t 1s pulled up and out from the coil. What 
would an observer watching the galvanometer see? 


(a) No change (pointer stays on zero): without a battery there 1s no current to 
đetect. 

(b) A small current flows while the magnet 1s Inside the coIl of wire. 

(e) A current spike as the magnet enters the coil, and then nothing. 

(đ) A current spike as the magnet enters the coil, and then a steady small current. 

(e) A current spIke as the magnet enfers the coil, then nothing (pointer at zero), 
then a current spike 1n the opposite direction as the magnet exits the coIl. 


related: (1) an electric current produces a magnetic field; and (2) a magnetic 

field exerts a force on an electric current or on a moving electric charge. These 
discoveries were made 1n 1820—1821. Scientists then began to wonder: 1f electric 
currenfs produce a magnetic field, 1s it possible that a magnetic field can produce 
an electric current? Ten years later the American Joseph Henry (1797-1878) 
and the Englishman Michael Faraday (1791-1867) independently found that 1t 
was possible. Henry actually made the discovery first. But Faraday published his 
results earlier and Investigated the subJect in more detail. We now discuss this 
phenomenon and some of 1ts world-changing applications Including the electric 
generatOor. 


| n Chapter 20, we discussed two ways in which electricity and magnetism are 


21—I Induced EMEF 


In his attempt to produce an electric current from a magnetic field, Faraday used 
an apparatus like that shown 1n Eig. 21—1. A coil of wire, X, was connectfed to a 
battery. The current that flowed through X produced a magnetic field that was 
intensified by the ring-shaped iron core around which the wire was wrapped. 
Faraday hopcd that a strong steady current in X would produce a great enough mag- 
netic field to produce a current in a second coil Y wrapped on the same 1ron ring. 


Galvanometer 


FIGURE 21-1 Faraday”s experiment 
to induce an em. 


Thiĩs second circuit, Y, contained a galvanometer to defect any currenf but contained 
no battery. He met no success with constant currents. But the long-sought effect was 
finally observed when Faraday noticed the galvanometer In circuit Y deflect stronply 
at the moment he closed the switch 1n circuit X. And the galvanometer deflected 
strongly In the opposite direction when he opened the switch in X. A constant 
currenft 1n X produced a constant magnetic field which produced øø current in Y. 
Only when the current in X was sfarting or stopping was a current produccd In Y. 

Faraday concluded that although a constant magnetic field produces no current &® CAUTION 
1n a conducfor, a changing magnetic field can produce an electric current. Such a cur- Changing B. not B iiselƒ 
rent 1s called an induced current. When the magnetic field throuph coil Y changes, induces current 
a currenf occurs in Y as 1Ÿ there were a source of emfin circuit Y. We therefore say that 


a changing magnefic field induces an emf. 


Faraday did further experiments on electromagnefic inducfion, as this phenom- 
enon 1s called. For example, Eig.21—2 shows that 1Ÿ a magnet is moved quickly into 
a coil Of wire, a current 1s induced In the wire. lf the magnet 1s quickly removed, 
a current is induced in the opposite đirection (B through the coil decreases). 
Furthermore, 1f the magnet 1s held steady and the coil of wire 1s moved toward 
or away from the magnet, again an emf 1s induced and a current flows. Motion or Á® CAUTION 
change 1s required to induce an emf. It doesnˆt matter whether the magnet or the Relatibe motion—magnet 


coIl moves. If 1s theIr relafie rmmofion that counfs. OT coil mouing induces current 


FIGURE 21-2 (a) A current is induced when a magnet is moved toward a coil, momenftarily increasing the magnetic 
field through the coil. (b) The induced current is opposite when the magnet is moved away from the coil (B decreases). 
Note that the galvanometer zero 1s at the center of the scale and the needle deflects left or right, depending on the 
direction of the current. In (ce), no current ¡is induced If the magnet does not move relative to the coïl. It is the 
relative motion that counts here: the magnet can be held steady and the coil moved, which also induces an em. 
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FIGURE 21-3 Determining the flux 
throuph a flat loop of wire. This loop 
is square, of side f and area A = #. 


FIGURE 21-4 Magnetic flux ®p 

1S proportional to the number of 
lines of B that pass through the loops 
of a coil (here with 3 loops). 


0=90° 0=45° 0=0° 
®pg=0 ®p= BA cos45° ®p= BA 
(a) (b) (c) 
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EXERCISEA Return to the Chapter-Opening Question, page 590, and answer It again 
now. Try to explain why you may have answered differently the first time. 


21-2 Faradays Law of Induction; Lenzs Law 


Faraday Investigated quantitatively what factors Iinffuence the magnitude of the emf 
mnduced. He found first of all that the more rapidly the magnetic ñield changes, the 
øreater the induced emf. He also found that the induced emf depends on the area 
of the cireuit loop (and also the angle it makes with B). In fact, itis found that the 
emf 1s proportional to the rate of change of the magnefic fñux, ®„, passing through 
the circuit or loop oŸ area 4. Magnetic flux for a unifform magnetic field through 
a loop of area A 1s defined as 


®; = B.,A = BAcos0. [Buniorm] (21-1) 


Here Ö, is the component of the magnetic field B perpendicular to the face of the 
loop, and Ø is the angle between B and a line perpendicular to the face of the 
loop. These quantities are shown ¡n Fig. 21-3 for a square loop of side É whose 
area is A = ƒ?. When the face of the loop is parallel to B, 9 = 90° and ®; = 0. 
When B is perpendicular to the face of the loop, 0 = 0°, and 


œ; = BA. [uniform B L loop face] 


As we saw in Chapter 20, the lines of B (like lines of E) can be drawn such that 
the number of lines per unit area 1s proportional to the field strength. Then the 
flux ®; can be thought of as being proportional to the fofal nưnber öƒ lines 
passing through the area enclosed by the loop. Thịs 1S 1Ìlustrated mm Hg. 21—4, 
where three wire loops of a coïl are viewed from the side (on edge). For 0 = 907, 
no magnetic field lines pass throuph the loops and ®; = 0, whereas (Ðz 1s a maxI- 
mum when 6 = 0°. The unit of magnetic flux ¡s the tesla-meter”; this is called 
a weber: 1 Wb = 1T-mỶ. 

'With our defimtion of flux, Eq.21—1, we can write down the results of Faraday”s 
1nvestigations: The emf '% induced 1n a circuit 1s equal to the rate of change of 
magnetic flux throuph the circuIt: 

Aq®g 
$ Nỹ [iloop] (21-2a) 
Thịs fundamental result is known as Earaday°s law of inducfion, and 1t 1s one of 
the basic laws of electromagnetism. 

TỶ the circuit contains Ý loops that are closely wrapped so the same flux passes 

through each, the emfS induced In each loop add together, so the total emf1s 


[Nloops] (21-2b) 


A loop of wire in a magnetic field. A square loop of wire 
ofside £ = 5.0cm isin a uniform masnetic field 8 = 0.16T. What is the mag- 
netic flux in the loop (a) when B is perpendicular to the face of the loop and 
(b) when B is at an angle of 30° to the area of the loop? (c) What is the magnitude 
of the average current In the loop 1f1t has a resistance of 0.012 Ô and 1t 1s rotated 
from position (b) to position (2) in 0.14 s2 
APPROACH We use the definition ®; = BA cos0, Eq. 21-1, to calculate the 
magnetic fux. Then we use Faraday”s law of induction to ñnd the induced emf 
in the coil, and from that the induced current (I = S/R). 


SOLUTION The area of the coil is .A = # = (5.0 x 102m} = 2.5 x 103m. 
(a) B is perpendicular to the coil's face, so Ø = 0° and 
®; = BAcos0° = (0.16T)(2.5 x 103m?)(1) 
or 4.0 x 10 “Wb, 
(5) The angle Ø is 30° and cos30° = 0.866, so 
®; = BAcos9 = (0.16T)(2.5 x 10m?)cos30° = 3.5 x 10*T-m? 
or 3.5 X 10*Wb, a bit less than in part (2). 


4.0 x 10T-m? 


(c) The magnitude of the induced emf (Eq.21-2a) during the 0.14-s time interval is 


Ad®, — (4.0 x 10'T-m?) - (3.5 x 10*T:-m?) 
$ = = = 3.6 x 10V. 
Af 0.14s 
Before and after the loop rotates, when 1t 1s at rest, the emf 1s zero. The current 


in the wire loop (Ohm'”s law) while 1t is rotating 1s 


.6 x 10”! 
ï# = kể = SG GIỎ) = 0.030A = 30mA. 
R 0.0120 


The minus signs in Eqs. 21—2a and b are there to remind us in which direction 
the Iinduced emf acts. Experiments show that 


a curren( produced by an induced emf moves in a direction so that the 
magnefic field created by that current opposes the original change ïn flux. 


Thịs 1s known as Lenz?s law. Be aware that we are now discussing two distinct mag- ‹® CAUTION 
netic fields: (1) the changing magnetic field or flux that induces the current, and Distinguish to different 
(2) the magnetic field produced by the induced current (all currenfs produce a magnetic fields 
magnetc field). The second (nduced) field opposes the change In the first. 

Lenz's law can be said another way, valid even 1ƒ no current can flow (as when 
a circuit 1s not complete): 


An induced emf is always in a direcfion that opposes the original change ïn 
flux that caused it. 


Let us apply Lenz's law to the relaftive motion between a magnet and a coIll, 
Fig. 21—2. The changing flux through the coIl induces an emfn the coil, produc- 
1ng a current. This Induced currenf produces 1ts own magnetic field. In Elg. 21—2a 
the distance between the coil and the magnet decreases. The magnef's magnetic 
field (and numbser of field lines) through the coïl increases, and therefore the flux 
1ncreases. The magnetic field of the magnet points upward. To oppose the upward 
1ncrease, the magnetic field produced by the induced current needs to point 
do%+un+uard inside the coïl. Thus, Lenz”s law tells us the current moves as shown 1n 
Fig.21—2a (use the right-hand rule). In Eig.21—2b, the flux đecreases (because the 
magnet is moved away and ?Ö decreases), so the mnduced current in the coil produces 
an up+oard magnetic field throuph the coil that 1s “trying” to maintain the status 
quo. Thus the current In Fig. 21—2b 1s In the opposite direction from Flg. 21—2a. 

]t 1s Important to note that an emf is induced whenever there 1s a change In 


: ; Hưng FIGURE 21-5 A tcanb 
ƒfux throuph the coïl, and we now consider some more possIbilities. 


induced by changing the coil”s area, 
xxxxxxxxxx xxXxxxXxxxxxx even though Ö doesn't change. Here 
xxxxxxxxxx the area 4 is reduced by pulling on the 
xxxxxixxxxx Flux sides of the coil: the fix through the 
=S <= through coil is reduced as we go from (a) to (b). 
coil is The brief induced current acfs in the 
`... direction shown so as to try to maintain 
ecause 4 lệ 
“deereased_ the original ñux (® = B4) by 
x⁄xxxxXxx*%x*x* 0ũwan ⁄xxXxX%xx*xx% producing 1ts own magnetic field into 
(a) (b) the page. That Is, as area 4 decreases, 
the current acfs to Increase in the 
original (inward) direction. 


Masgnetic fux 4®; = BAcos0, so an emf can be induced in three ways: 
(1) by a changing magnetic field Ö; (2) by changing the area 4 of the loop in the field; 
or (3) by changing the loop”s orienfation Ø with respect to the field. Figures 21—1 
and 21-2 showed case 1. Cases 2 and 3 are 1llustrated in Figs. 21—5 and 21-6. 


B x 
x (nward) x 
x x FIGURE 21-6 A current can be induced 
X_ Flux X by rofating a coïl in a magnetic field. The 
x flux through the coil changes from (a) to (b) 
x because 0 (in Eq.21—1, ® = BA cos0) 
x 
x 


went from 0° (cosØ = 1) to 90° (cos Ø = 0). 


x decreasing 


xXxXxXxXxxx 
xXXxXxxXxxxxx 
xXXxXxXxXXxXxXxx 
xXXxXxXxXxXxXx 


xX XxX X xXXX 
<xXxX xxx XXx 

x 
xxx xXX xXXXX 
Š X xXxXX xxx 


(a) Maximum flux (b) Zero flux 
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CONCEPTUAL EXAIMIPLE 21-2 | Induction stove. In an induction stove 


(Fig. 21—7), an ac current exIsfs 1n a coïl that is the “burner” (a burner that never 
gets hot). Why wIll it heat a metal pan, usually iron, but not a glass container? 


RESPONSE The ac current sets up a changing magnetic field that passes throuegh 
the pan bottom. This changing magnetic field induces a current in the pan, and 
since the pan offers resistance, electric energy 1s transformed to thermal energy which 


FIGURE 21-7 Example 21-2: heats the pan and is contents. If the pan 1s Iron, magnetic hysteresis due to the 
An induction stove. changing current produces additional heating. A glass container offers such hiph 
resistance that little current is induced and little energy is transferred (P = V?/R). 

e0 LVIy„ ẹ 


` Lenzs Law 


fẦ  Lenz law is used to determine the direction of the 
© _.. (conventional) electric current induced in a loop due to 
a change in magnetic flux Inside the loop. To produce 
an induced current you need 


2. The magnetic field due to the induced current: 
(a) poinfs in the same direction as the external field 1 
the flux is decreasing; (b) poinfs in the opposite direc- 
tion from the external field 1f the flux 1s Increasing; 
or (€) 1s Zero 1ƒ the flux is not changing. 


3. Once you know the direction of the induced magnetic 


(a) a closed conducting loop, and field, use right-hand-rule-1 (page 563, Chapter 20) to 
(b) an external magnetic flux through the loop that 1s ñind the direction of the Induced current. 

changing in time. 4. Always keep in mind that there are two magnetic 

fields: (1) an external field whose flux must be 

1. Determine whether the magnetic flux (®„ = BA cos 8) changing 1 it 1s to induce an electric current, and 


Inside the loop 1s decreasing, Increasing, or unchanged. (2) a magnetic field produced by the induced current. 


{15 
® &@ ® 
(^ 
8 9 
—> 
® &@ ® 
(b) (c) (d) (e) 
Pulling a round loop to Shrinking a loop Š magnetic pole NÑ masnetic pole Rotating the loop by pulling 
the right out of a magnetic in a magnetic moving from below, moving toward loop the left side toward 
field which poinfs out field pointing up toward the loop 1n the plane us and pushing the right 
of the page 1nto the page of the loop side In; the magnetic field 


FIGURE 21-8 Example 21-3. Ệ he? Hồi) tị H NHẠC" 


CONCEPTUAL EXAMIPLE 21-3 | Practice with Lenzs law. In which direc- 
tion 1s the current, induced in the circular loop for each situation in Eig. 21—82 


RESPONSE In (2), the magnetic field initially pointing out of the page passes 
throupgh the loop. If you pull the loop out of the field, magnetic flux through the 
loop decreases; so the Iinduced current will be In a direction to maintain the 
& CAUTION decreasing flux through the loop: the current will be counterclockwise to 


AMagnetic field creatfed by induced | produce a magnetic field outward (toward the reader). 
currenf opposes change in external 
Jlux, not necessarily ODposing 

the external field 


(b) The external field is into the page. The coil area øets smaller, so the flux will 
decrease; hence the induced current will be clockwise, producing 1ts own field 
Iinto the page to make up for the flux decrease. 

(c) Magnetic field lines point into the § pole of a magnet, so as the magnet 
moves toward us and the loop, the magnefs field points into the page and 1s 
getfing stronger. The current in the loop will be induced in the counterclock- 
wise đirection in order to produce a field B øu/ of the page. 


(42) The field is in the plane of the loop, so no magnetic field lines pass through 
the loop and the flux throuegh the loop 1s zero throughout the process; hence 
there 1s no change In flux and no induced emf or current in the loop. 

(e) Initially there is no flux through the loop. When you start to rotate the loop, 
the external field through the loop begins Increasing to the left. To counteract 
this change in flux, the loop will have current induced 1n a counterclockwise 


đirection so as to produce 1fs own field to the right. 
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Pulling a coil from a magnetic field. A 100-loop square 
coil of wire, with side É = 5.00 cm and total resistance ® = 100 O, is positioned 
perpendicular to a uniform magnetic field B = 0.600 T, as shown In FEig. 21—9. 
It is quickly pulled from the field at constant speed (moving perpendicular to B) 
to a reglon where ð drops abruptly to zero. At f = 0, the ripht edge of the coIl 1s 
at the edge of the field. It takes 0.100 s for the whole coil to reach the field-free 
region. Determine (2) the rate of change ¡n flux throuph one loop of the coil, 
and (0) the total emf and current induced in the 100-loop coïl. (c) How much 
enerøy Is dissipated in the coil? (đ) What was the average force required (#„)? 


APPROACH We start by finding how the magnetic flux, ®; = BA cos0° = BA, 
changes during the time Interval Aƒ = 0.100s. Faraday”s law then gIves the 
induced emf and Ohm”s law gives the current. 

SOLUTION (2) The coils area is 4 = # = (5.00 x 102m} = 2.50 x 10ˆ3m#. 
The flux through one loop is initially ®; = BA = (0.600T)(2.50 x 10 3m?) = 
1.50 x 103Wb. After 0.100 s, the flux is zero. The rate of change ¡n flux is con- 
stant (because the coiïl is square), and for one loop 1s equal to 


A®;g  0-— (150 x 103Wb) 
AtL — 0.100 s 


=_—1.50 x 102Wb/s. 


(b) The emf induced (Eq. 21-2) in the 100-loop coïl during this 0.100-s interval 
1S 
A®p 


Lo. suy —(100)(—1.50 x 102Wb/s) = 1.50 V. 


The current 1s found by applying Ohm”s law to the 100-Ó coll: 


$ 1.50V 
= ` = 12010 A = lễ : 
I1 R 100 Q 1.50 x 10Ø^A 15.0mA 


By Lenz's law, the current must be clockwise to produce more B  into the page 
and thus oppose the decreasing flux into the page. 

(c) The total energy dissipated in the coil is the product of the power (= 7?) 
and the time: 


E = Pi = ïRi = (150 x 102AJ(1000)(0.100s) = 225 x 101. 


(đ) We can use the result of part (c) and apply the work-energy principle: the 
enerøsy dissipated # is equal to the work W needed to pull the coil out of the 
field (Chapter 6). Because W = Ƒ(„¡¿d where đ = 5.00 cm, then 


_ W 2.25 x 103J 
F.. = = = 0.0450N. 
kẻ d 5.00 x 102m 


Alternate Solution (ä) We can also calculate the force directly using Eq. 20-2 
for constant B, Ƒ = !B. The force the magnetic field exerts on the top and 
bottom sections of the square coil of Fig. 21—9 are in opposite directions and 
cancel each other. The magnetic force F4 exerted on the left vertical section of 
the square coil acts to the left as shown because the current is up (clockwise). 
The right side of the loop is in the region where B = 0. Hence the external 
force to the right, Ê,„, needed to just overcome the magnetic force to the left 
(on ý = 100loops), 1s 


F4 = NItB = (100)(0.0150 A)(0.0500 m)(0.600T) = 0.0450N, 


which 1s the same answer, confirming our use of energy conservation above. 


EXERCISEB_ What is the direction of the induced current in the circular loop due to the 
current shown in each part of Eig. 21—102 
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FIGURE 21-9 Example 21-4. 
The square coïl in a magnetic field 
B = 0.6000TT Is pulled abruptly to 
the ripht to a reglon where Ö = 0. 
(The forces shown are discussed in 
the alternate solution at the end of 
Example 21-4.) 


FIGURE 21-10 Exercise B. 
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FIGURE 21-11 (a) A conducting 
rod 1s moved to the right on a 
U-shaped conductor in a uniform 
magnetic field B that points out of 
the page. The induced current 1s 
clockwise. (b) Upward force on an 
electron ¡in the metal rod (moving to 
the right) due to B pointing out of 
the page; hence electrons can collect 
at the top of the rod, leaving 

+ charge at the bottom. 


FIGURE 21-12 Example 21—5. 
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€@ÒpHvysics APPLIED 
Blood-ƒÏot measurement 


FIGURE 21-13 Measurement of 
blood velocity from the induced em. 
Example 21~6. 


'Voltmeter 
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2l—5 EMF Induced in a Moving Conductor 


Another way to induce an emf 1s shown 1n Eig. 21—11a, and this situation helps 
illuminate the nature of the induced emf. Assume that a uniform magnetic field B 
1S perpendicular to the area bounded by the U-shaped conductor and the movable 
rod resfting on 1(. If the rod 1s made to move at a speed 0 to the right, 1t travels a 
distance Ax = ø Aí in a time Aí. Therefore, the area of the loop Increases by 
an amount A4 = £ Ay = #ø Af inatime Aí. By Faradays law there 1s an induced 
emf 6 whose magnitude 1s given by 


A®g BAA BUo At 
Ỹ Af Af Af ĐỀU) 


The induced current 1s clockwise (to counter the increasing flux). 

Equation 21—3 is valid as long as Ö, ƒ, and are mutually perpendicular. (If they 
are not, we use only the components of each that are mutually perpendicular.) An emf 
induced on a conductor moving 1n a magnetic field is sometimes called mofional emf. 

We can also obtain Eq. 21—3 without using Earaday”s law. We saw in Chapter 20 
that a charged particle moving with speed ø perpendicular to a magnetic field 
experiences a force #' = øø (Eq. 20-4). When the rod of Eig. 21—11a moves to 
the ripht with speed so, the electrons in the rod also move with this speed. Therefore, 
since ý .L B, each electron feels a force #Ƒ = gø, which acts up the page as the red 
arrow In Eig.21—11b shows. IÝ the rod 1s not In confact with the U-shaped conductor, 
electrons would collect at the upper end of the rod, leaving the lower end posifIve 
(see sipgns in Fig. 21—11b). There must thus be an imnduced emf. If the rod is in 
confact with the U-shaped conductor (Eig.21—11a), the electrons wll flow info the U. 
There will then be a clockwise (conventional) current in the loop. To calculate the 
emf, we determine the work W needed to move a charge g from one end of the rod 
to the other against this potential difference: W = force X distance = (gøÖ)(09. 
The emf equals the work done per unit charge, so 6 = W/q = q0Bl/q = BUu, 
the same result as from Faradays law above, Eq. 21-3. 


(21-3) 


EXERCISE € In what direction will the electrons flow in Eig. 21—11 1f the rod moves to 
the left, decreasing the area of the current loop? 


EXAMPLE 21-5 . ESTIMATE | Does a moving airplane develop a large emf? 
An airplane travels 1000 km/h in a region where the Earth's magnetic field is 


about 5 X 10ˆ'T and is nearly vertical (Eig.21—12). What is the potential differ- 
ence induced between the wing tips that are 70 m apart? 
APPROACH We consider the wings to be a 70-m-long conductor moving through 
the Earth's magnetic field. We use Eq. 21—3 to get the emf. 
SOLUTION Since » = 1000 km/h = 280 m/s, and ý 1 B, we have 

$ = B/o = (5x 10T)(70m)(280m/s) + 1V. 
NOTE Not much to worry about. 


Electromagnetic blood-flow measurement. The rate of 
blood flow in our body”s vessels can be measured using the apparatus shown 1n 
Fig. 21—13, since blood contains charged I1ons. Suppose that the blood vessel 1s 
2.0mm mm diameter, the magnetic field is 0.080”; and the measured emf ¡s 0.10 mV. 
'What 1s the flow velocity » of the blood? 

APPROACH The magnetic field B points horizontally from left to right (N pole 
toward §S pole). The induced emf acts over the width £ = 2.0mm of the blood 
vessel, perpendicular to B and ý (Eig.21—13), just as in Fig. 21—11. We can then 
use Eq. 21-3 to get 0. 


SOLUTION_ We solve for »in Eq.21—3: 
#8 - (1.0 x 10V) 
BL — (0.080T)(2.0 x 103m) 


NOTE In actual practice, an alternating current is used to produce an alternating 
magnetic field. The induced emf 1s then alternating. 


= 0.63m/. 


21-4 Changing Magnetic Flux 
Produces an EFlectric Field 


We have seen that a changing magnetic flux induces an emf. In a closed loop of 
wre there wIll also be an induced current, which Implies there 1s an electric field 
1n the wire causing the electrons to start moving. Indeed, this and other results 
suggest the Iimportant conclusion that 


a changing magnefic flux produces an electric field. 


Thịs result applies not only to wires and other conductfors, but 1s a general result 
that appliles to any region 1n space. Indeed, an electric fñield will be produced 
(= induced) at any point in space where there is a changing magnetic field. 

We can get a simple formula for #1n terms of Ö for the case of electrons In 
a moving conductor, as in Fig. 21-11. The electrons feel a force (upwards In 
Eig.21—11b); and IŸ we put ourselves In the reference frame of the conductor, this 
force accelerating the electrons Implies that there 1s an electric field In the 
conductor. Electric field is defined as the force per unit charge, Z = Ƒ/q, where 
here Ƒ. = guB (Eq.20-4). Thus the effective field ¡in the rod must be 


F B 
Ất. = T =ụB, (21-4) 
q q 


which 1s a useful result. 


/œ Axile rotated 


21-5 Electric Generators X SN mne 


W© discussed alternating currents (ac) briefly im Section 18-7. NÑow we examine Ỷ 
how ac 1s generated: by an elecfric generafor or dynamo. A generator transforms ï 
mechanical energy Into electric energy, just the opposite of what a motor does =2 Brushes 

(Section 20—10). A simplified điapram of an ac generafor is shown in Fig.21—-14. FIGURE 21-14 An ac generator. 
A generator consists of many loops of wire (only one is shown) wound on an 
armafure that can rotate in a magnetic field. The axle is turned by some mechan- 
Ical means (falling water, steam turbine, car motor belt), and an emf is induced in 
the rotating coil. An electric current 1s thus the owfpuf oŸ a generator. Suppose 1n 
Fig.21—14 that the armature Is rotating clockwise; then ripht-hand-rule-3 (p. 568) 


applied to charged particles In the wire (or Lenzs law) tells us that the 
(conventional) current in the wire labeled b on the armature is outward towards us; 
therefore the current is outward throuph brush b. (Each brush is fixed and presses 
agaInst a continuous sÏlip ring that rotates with the armature.) After one-half 


revolution, wire b will be where wire a 1s now 1n Eig. 21—14, and the current then 


at brush b will be Inward. Thus the current produced 1s alternating. 
The frequency ƒ1s 60 Hz for general use in the United States and Canada, V 
whereas 50 Hz 1s used in many countries. Most of the power generated In the 


United States is done at steam plants, where the burning of fossil fuels (coal, oil,  (a) 
natural gas) boils water to produce high-pressure steam that turns a turbine 
connected to the generator axle (Eig. 15-21). Turbines can also be turned by 


í 
water pressure at a dam (hydroelectric). At nuclear power plants, the nuclear 
energy released 1s used to produce steam to turn turbines. Indeed, a heat engine 
(Chapter 15) connected to a generator 1s the principal means of generating 
electric power. The frequency of 60 Hz or 50 Hz 1s mainftained very precIsely by 
í 


FIGURE 21-15 (a) A dc generator 
with one set Of commutftators, and 
(b) a dc generator with many sets of 
commutators and windings. 


DOW€T companIes. 


A dc generafor 1s much like an ac generator, except the sÌip rings are 
replaced by split-ring commutators, Fig. 21—15a, Just as in a dc motor (Figs. 20—37 V 
and 20-38). The output of such a generator Is as shown and can be smoothed out 


by placing a capacitor in parallel with the output.” More common is the use of (b) 
many armature windings, as 1n Fig. 21—15b, which produces a smoother output. 


TA capacitor tends to store charge and, if the time constant #C 
1s long enouph, helps to smooth out the voltage as shown in V °s $s#  $#/  $ 
the figure to the ripht. w w kã ` 
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FIGURE 21-16 (a) Simplified schematic diagram of an alternator. The input current to the rotor from the battery 1s 
connected through continuous slip rings. Sometimes the rotor electromagnet 1s replaced by a permanent magnet (no input 
current). (b) Actual shape of an alternator. The rotor is made to turn by a belt from the engine. The current in the wire coil 
of the rotor produces a magnetic field inside it on is axis that points hor1zontally from left to right (not shown), thus making 
north and south poles of the plates attached at either end. These end plates are made with triangular fingers that are bent 
over the coil—hence there are alternating Ñ and S poles quite close to one another, with magnetic field lines between 

them as shown by the blue lines. As the rotor turns, these field lines pass through the fixed stator coils (shown on the 

ripht for clarity, but in operation the rotor rotates within the stator), inducing a current in them, which is the oufput. 
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FIGURE 21-17 The emf ¡s induced 
1n the segments ab and cd, whose 
velocity components perpendicular 
to the field B are 0 sin 0. 


⁄⁄ T(induced) 
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* Alternators 


Automobiles used to use dc generators. Today they mainly use alternafors, which 
avoid the problems of wear and electrical arcing (sparks) across the split-ring 
commutators of dc generators. Alternators differ from generators in that an electro- 
magnet, called the rofor, 1s fed by current from the battery and 1s made to rotate 
by a belt from the engine. The magnetic field of the turning rotor passes through 
a surrounding set of stationary coïls called the statfor (Eig. 21—16), nducing an 
alternating current in the stator coils, which 1s the output. This ac oufput 1s changed 
to dc for charging the battery by the use of semiconductor diodes, which allow 
current flow in one direction only. 


Deriving the Generator Equation 


FHigure 21-17 shows the wire loop on a generator armature. The loop 1s being 
made to rotate clockwise in a uniform magnetic field B. The velocity of the two 
lengths ab and cd at this Instant are shown. Although the sections of wIre bc and da 
are moving, the force on electrons 1n these secfions 1s toward the side of the wire, 
not along the wire”s length. The emf generated 1s thus due only to the force on 
charges In the sections ab and cd. From right-hand-rule-3, we see that the direc- 
tion of the induced current in ab 1s from a toward b. And In the lower section, 
1t 1S from c to đd; so the flow 1s confInuous 1n the loop. The magnitude of the emf 
generated 1n ab 1s given by Eq. 21-3, except that we must take the component 
of the velocity perpendicular to Ö: 
$ = Bo, 
where £ ¡s the length of ab. From Fig. 21—17 we see that ¡ = øsin0, where 0Ø 1s 
the angle the loop”s face makes with the vertical. The emf1nduced in cd has the same 
magnitude and 1s 1n the same direction. Therefore their emfS add, and the total emf 1s 
6 = 2NBÍusin0, 
where we have multiplied by , the number of loops in the coIl. 

TỶ the coïÏ is rotating with constant angular velocity œ, then the angle Ø = øí. 
From the angular equations (Eq. 8-4), ø = œr = @(h/2), where r is the distance from 
the rotation axis and 7 is the length of be or ad. Thus 6 = 2NBøœf(h/2) sin @f, Or 

6 = NBoA sinoif, (21-5) 
where 44 = ÉJ Is the area of the loop. This equation holds for any shape coïl, not Jusf 


for a rectangle as derived. Thus, the output emf of the generator 1s sinusoidally alter- 
nating (see Fig.21—18 and Section 18—7). Since ø 1s expressed In radians per second, 
we can write œ = 2Zrƒ, where ƒis the frequency (in Hz = s”). The rms oufput (see 
Section 18—7, Eq. 18—8b) 1s 

NBoA 


ng " 
7 


EXAMPLE 21-7 /¡ An ac generator. The armature of a 60-Hz ac generator 
rofates in a 0.15-T magnetic field. If the area of the coil is 2.0 < 10ˆ”m”, how 
many loops must the coil contaim 1ƒ the peak output 1s to be 'đ = 170 V? 


APPROACH From Eq.21—5 we see that the maximum emf1s % = NBAo. 

SOLUTION We solve Eq.21—5 for WNwith œ = 2ƒ = (6.28)(60s 1) = 377 s1: 
Su 170 V 

BAœ  (0.15T)(2.0 x 10?”m?\(377s 1) 


21-6  Back EMEF and Counter Torque; 
Eddy Currents 


Back EME, in a Motor 


A motor turns and produces mechanical energy when a current is made to flow 1n 
1t. From our đescription In Section 20—10 oŸ a simple dc motor, you might expect 
that the armature would accelerate Indefinitely due to the torque on 1t. However, 
as the armature of the mofor turns, the magnetic flux throuph the coil changes 
and an emÝ is senerated. This induced emf acts to oppose the motion (Lenzs law) 
and 1s called the back emf or counter emf. The greater the speed of the mofor, 
the greater the back emf A motor normally turns and does work on something, 
but if there were no load to push (or rotate), the motor”s speed would increase until 
the back emf equaled the Input voltase. When there 1s a mechanical load, the speed 
of the motor may be limited also by the load. The back emf will then be less than 
the external applied voltage. The greater the mechanrical load, the slower the motor 
rofates and the lower ¡s the back emf (6 œ œ, Eq.21-5). 


Back emf in a motor. The armature windings of a dc mofor 
have a resistance of 5.0 Ó. The motor 1s connected to a 120-V line, and when the 
motor reaches full speed against 1ts normal load, the back emf is 108 V. Calculate 
(2) the current into the motor when ïf is Just startine up, and (b) the current when 
the motor reaches full speed. 


N= = 150turns. 


APPROACH As the motor is just starting up, it 1s turning very slowly, so there 
1S negligible back emf. The only voltage 1s the 120-V line. The current 1s g1ven by 
Ohms law with R = 5.0 Ó. At full speed, we must include as emfs both the 120-V 
applied emf and the opposing back emÏf. 


SOLUTION (a) At start up, the current 1s controlled by the 120 V applied to the 
coil's 5.0-Ó resistance. By Ohm's law, 


-= V _ 120V 
R 53.00 
(b) When the motor is at full speed, the back emf must be included in the equivalent 


circuit shown 1n Fig.21—19. In this case, Qhm's law (or Kirchhoff's rule) ø1ves 


= 24A. 


120V - 108V = !/(5.009). 
Therefore 
12V 
Ï = —— = 24A 
5.00 


NOTE This result shows that the current can be very hiph when a motor first 
starfs up. This is why the lights in your house may dim when the motor of the 
refriperator (or other large motor) starts up. The large initial refrigerator current 
causes the voltage to the lights to drop because the house wiring has resistance 
and there 1s some voltage drop across 1t when large currents are drawn. 


0 Time 


FIGURE 21-18 An ac generator 
produces an alternating current. The 
output emf  = Ấ sin œ, where 

So = NAøB (Edq. 21-5). 


FIGURE 21-19 Circuit of a motor 
showing induced back emf. 
Example 21—8. 


Back emf 
Windings 1nduced in 
Of moftor armafure winding 


' imducsl =108V 


%$=120V 
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Burning out a motor 


B (inward) 


(b) 


FIGURE 21-20 Production of eddy 
Currents In a rotating wheel. The 
gray lines in (b) indicate induced 
Current. 


CONCEPTUAL EXAMIPLE 21-9 | Motor overload. When using an appliance 


such as a blender, electric driIll, or sewing machine, 1f the appliance 1s overloaded 
or Jammed so that the motor slows appreciably or stops while the power 1s still 
connected, the motor can burn out and be ruined. Explain why this happens. 


RESPONSE The motors are designed to run at a certain speed for a given applied 
voltage, and the designer must take the expected back emf Into account. If the 
rofation speed ïs reduced, the back emf will not be as high as expected (% œ ø, 
Eq. 21-5). The current will mncrease and may become laree enouph that the 
windings of the motor heat up and may melt, ruining the motOr. 


Counter Torque, in a Generator 


In a generator, the situation 1s the reverse of that for a motor. ÀAs we saw, the 
mechanical turning of the armature Induces an emf in the loops, which 1s the 
output. If the generator rotates but 1s not connected to an external circuIt, 
the emf exisfs at the terminals but there 1s no current. In this case, 1t takes little effort 
to turn the armature. But 1f the generafor 7s connected to a device that draws Cur- 
rent, then a current flows In the coils ofthe armature. Because this currenf-carrying 
coïl is in an external magnetic field, there will be a torque exerted on it (as In 
a motor), and this torque opposes the motion (use ripht-hand-rule-2, page 568, 
for the force on a wire In Fig. 21—14 or 21-17). Thịĩs is called a counfer torque. 
The greater the electrical load—that 1s, the more current that 1s drawn——the 
greater will be the counfter torque. Hence the external applied torque wIll have to 
be greater to keep the generator turning. This makes sense from the conservation 
Of energy principle. More mechanical energy input 1s needed to produce more 
electric energy output. 


EXERCISED A bicycle headlight is powered by a generator that is turned by the bicycle 
wheel. (2) I you speed up, how does the power to the light change? (b) Does the gener- 
afor resIst being turned as the bicycle°s speed Increases, and 1ƒ so how? 


Eddy Currents 


Induced currents are not always confined to well-defined paths such as In wires. 
Consider, for example, the rotating metal wheel in Fig. 21—20a. An external mag- 
nefic field 1s applied to a limited area of the wheel as shown and poinfs into the 
page. The section of wheel in the magnetic field has an emf1nduced 1n 1t because the 
conductor 1s moving, carrying electrons with it. The flow of induced (conventional) 
current in the wheel is upward in the repion of the magnetic field (Eig. 21-20b), 
and the current follows a downward return path outside that region. Why? 
According to Lenz law, the induced currenfs oppose the change that causes them. 
Consider the part of the rotating wheel labeled c 1n Eig. 21—20b, where the magnetic 
field is zero but is just about to enter a region where B points into the page. To oppose 
this Inward Increase 1n magnetic field, the immduced current 1s counterclockwise 
to produce a field pointing out of the page (ripghf-hand-rule-1). Similarly, region d| 1s 
about to move to e, where B is zero; hence the current is clockwise to produce an 
1nward field opposed to this decreasing flux inward. These currenfs are referred 
to as eddy currenfs. They can be present in any conductor that 1s moving acroSS 
a magnetic field or through which the magnetic flux 1s changing. 

In Eig. 21-20b, the magnetic field exerts a force Ê on the induced currents it 
has created, and that force opposes the rotational motion. Eddy currenfs can be 
used 1n this way as a smooth braking device on, say, a rapid-transit car. In order 
to stop the car, an electromagnet can be turned on that applies 1s field either to 
the wheels or to the moving steel rail below. Eddy currents can also be used to 
dampen (reduce) the oscillation of a vibrating system, which 1s referred to as 
magnefic damping. 
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Eddy currents, however, can be a problem. For example, eddy currents induced 
in the armature oŸ a motor or øenerator produce heat (PP = 74) and waste energy. 
To reduce the eddy currents, the armatures are /arinafed; that 1s, they are made of 
very thin sheefs of Iron that are well insulated from one another (used also in 
transformers, Fig. 21-23). The total path length of the eddy currents is confined 
to each slab, which Increases the total resistance; hence the current 1s less and 
there 1s less wasted energy. 

Walk-through metal detectors (Fig. 21—21) use electromagnetic nduction and 
eddy currents to detect metal obJects. Several coils are situated in the walls of the 
walk-throuph at different heights. In one technique, the coils are ø1ven brief pulses 
Of current, hundreds or thousands of times per second. When a person passes 
through the walk-throuph, any metal obJect being carried will have eddy currents 
induced In it, and the small magnetic field produced by that eddy current can be 
đetected, setting off an alert or alarm. 


21-7 Transformers and 
Transmission of Power 


A transformer 1s a device for Increasing or decreasing an ac voltage. Iransformers 
are found everywhere: on utility poles (Fig. 21—22) to reduce the high voltage from 
the electric company to a usable voltage in houses (120 V or 240 V), in chargers for 
cell phones, laptops, and other electrical devices, in your car to give the needed 
h¡iph voltage to the spark plugs, and in many other applications. A transformer 
consists oŸ two coils of wire known as the primary and secondary coils. The 
two coils can be Interwoven (with insulated wire); or they can be linked by an 
Iron core which 1s laminated to minimize eddy-current losses (Section 21~6), 
as shown in Fig. 21-23. Transformers are designed so that (nearly) all the mag- 
netic flux produced by the current in the primary coil also passes through 
the secondary coil, and we assume this is true in what follows. We also 
assume that energy losses (In resistance and hysteresis) can be ignored—a good 
approximation for real transformers, which are often better than 99% efficlent. 

When an ac voltage 1s applied to the primary coil, the changing magnetic 
field 1t produces wIll induce an ac voltage of the same frequency In the secondary 
coil. However, the voltage will be different according to the number of “turns” or 
loops In each coil. From Faraday's law, the voltage or emf induced ¡n the 
secondary coIÏ 1s 


A®p 

Af 

where Ws ¡is the number of turns in the secondary coil, and A®z;/Af is the rafe at 
which the magnetic flux changes. 


The input primary voltage, Wp, 1s related to the rate at which the flux changes 
throupgh 1t, 


Ws = M 


, 


Ad®g 
Af 


where Wb 1s the number of turns in the primary coil. This follows because the 
changing flux produces a back emf, NpA®z;/Aứ, in the primary that balances 
the applied voltage Vp If the resistance of the primary can be Ignored (Kirchhoffs 
rules). We divide these two equations, assuming little or no flux is lost, to find 
Y = M. (21-6) 
Wp M 
Thịs fransƒformer equafion tells how the secondary (output) voltage 1s related to 
the primary (inputf) voltage; V§s and Vp in Eq. 21-6 can be the rms values 
(Section 18-7) for both, or peak values for both. Steady dc voltages don”t work 
in a transformer because there would be no changing magnetic flux. 


Là 


Wp = MẰ 


FIGURE 21-21 Metal detector. 
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FIGURE 21-22 Repairing a step- 
down transformer on a utility pole. 


FIGURE 21-23 Step-up transformer 
(M= 4, N = 12). 


Laminated 
1ron core 
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Switch 
Vpb Switch opened 
12 V Tclosed 
` (a) Time 
W 
10 kV + 

0 E“—Tm 
—10kV-L Time 
—20 kVW + (b) 


FIGURE 21-24 A dc voltage turned 
on and off as shown in (a) produces 
voltase pulses in the secondary (b). 
Voltage scales in (a) and (b) are not 
the same. 
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T the secondary coil contains more loops than the primary coil (Ns > M;), 
we have a sfep-up transformer. The secondary voltage 1s greater than the primary 
voltage. For example, 1f the secondary coIl has twice as many turns as the prImary 
coil, then the secondary voltage wIll be twice that of the primary voltage. IỶ j\s 1s 
less than Ấp, we have a step-down transformer. 

Althouph ac voltage can be increased (or decreased) with a transformer, we 
don't get something for nothing. Energy conservation tells us that the power 
output can be no greater than the power input. A well-desipned transformer can 
be greater than 99% efficient, so little energy 1s lost to heat. The power oufput 
thus essentially equals the power input. Since power  = 7W (Eq. 18—5), we have 


lbWp = IsWg, 
or (remembering Eq. 21-6), 


ÁN 


21-7 
pm N (21-7) 


Cell phone charger. The charger for a cell phone contains a 
transformer that reduces 120-V (or 240-V) ac to 5.0-V ac to charge the 3.7-V 
battery (Section 19-4). (It also contains diodes to change the 5.0-V ac to 5.0-V dc.) 
Suppose the secondary coil contains 30 turns and the charger supplies 700 mA. 
Calculate (2) the number of turns in the primary coïl, (5) the current in the 
pimary, and (c) the power transformed. 


APPROACH We assume the transformer is ideal, with no flux loss, so we can use 
Eq. 21-6 and then Eq.21—7. 


SOLUTION (4a) Thịs 1s a step-down transformer, and from Eq.21—6 we have 
Wp (30)(120 V) 


= = = 720t . 
MNẰ Mực (5.0V) 720 turns 


(b) From Edq. 21-7 


(c) The power transformed Is 
P = hVạ = (070A)(5S0V) = 35W. 


NOTE The power ¡in the primary coil, P = (0.029 A)(120V) = 3.5W, ïs the 
same as the power In the secondary coil. There ¡is 100% efficilency in power 
transfer for our Ideal transformer. 


EXERCISE E How many turns would you want ¡in the secondary coil of a transformer 
having Ấp = 400 turns 1f1t were to reduce the voltaøe from 120-V ac to 3.0-V ac? 


A transformer operates only on ac. A dc current in the primary coil does not 
produce a changing flux and therefore Iinduces no emf im the secondary. How- 
ever, 1ƒ a dc voltage 1s applied to the primary through a switch, at the Instant the 
swltch 1s opened or closed there wIll be an induced voltage In the secondary. For 
example, 1ƒ the dc 1s turned on and off as shown 1n Fig. 21-24a, the voltage 
induced 1n the secondary 1s as shown In Eig. 21—24b. Notice that the secondary 
voltage drops to zero when the dc voltage 1s steady. This 1s basically how, In the 
ignifion sys(em of an automobile, the high voltage 1s created to produce the spark 
across the gap of a spark plug that Igmites the øgas-air mixture. The transformer 1s 
referred to as an “ignition coil,” and transforms the 12 V dc of the battery (when 
switched off in the primary) Into a spIke of as much as 30 kV ïn the secondary. 
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FIGURE 21-25 The transmission of electric power from power planfs to homes makes use of transformers 


af Various staøes. 


Transformers play an important role In the transmission of electricity. Power 
plants are offen situated some distance from metropolitan areas, so electrIcity 
must then be transmitted over long distances (Fig. 21—25). There 1s always some 
power loss in the transmission lines, and this loss can be minimized 1f the poWeT 1s 
transmitted at high voltage, using transformers, as the following Example shows. 


Transmission lines. An average of 120 kW of electric 
pOWEF 1s senf to a small town from a power plant 10 km away. The transmission 
lines have a total resistance of 0.40 O. Calculate the power loss 1ƒ the pOWT 1S 
transmitted at (a) 240 V and (b) 24,000 V. 


APPROACH We cannot use P = V?/Ñ because if Ñ ¡is the resistance of the 
transmission lines, we don”t know the voltage drop along them. The given voltages 
are applied across the lines plus the load (the town). But we can determine the 


current /in the lines (= P/V), and then find the power loss ffom # = !ÝR, for 
both cases (z) and (ð). 


SOLUTION. (a) If 120 kW ¡s sent at 240 V, the total current wiIll be 
T= P _ 12x 107W ~ 500A, 
V 2.4 x 107V 
The power loss in the lines, 1, 1s then 
PB. = IR = (500A) (0400) = 100kW. 
Thus, over 80% of all the power would be wasted as heat in the power lines! 
(b) 1ƒ 120 kW 1s sent at 24,000 V, the total current will be 
P _ 12x10W 
V 2.4 x 101V 
The power loss 1n the lines 1s then 
B, =R = (S0A] 10A0D) = 1UW, 


which is less than ¡¿g of 1%: a far better efficiency. 


= 5.0A. 


NOTE We see that the higher voltage results in less current, and thus less 
pOWeT 1s wasted as heat in the transmission lines. It 1s for this reason that power 
1s usually transmitted at very high voltages, as high as 700 kV. 


The great advantage of ac, and a major reason if is in nearly universal use”, is 
that the voltage can easily be stepped up or down by a transformer. The oufput 
voltage of an electric generating plant 1s stepped up prior to transmission. Upon 
arrival In a city, 1† 1s stepped down 1n stages at electric substations prior fO đistri- 
bution. The voltage In lines along city streets 1s typically 2400 V or 7200 V and 1s 
stepped down to 240 V or 120 V for home use by transformers (Figs.21—22 and 21-25). 
TDC transmission along wires does exist, and has some advantages (ïf the current is constant, there is 


no induced current in nearby conductors as there is with ac). But boosting to high voltage and down 
again at the receiving end requires more complicated electronics. 
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@® pHYSsics Apptirp Wireless Transmission of Power—Inductive Charging 


Charging phones,  Many devices with rechargeable batteries, like cell phones, cordless phones, and even 

#I) cars, eíc, Py _ electric cars, can be recharged using a direct metal contact between the device 
| Iad€f!21 and the charger. But devices can also be charged “wirelessly” by induction, with- 
Ù out the need for exposed electric contacts. The electric toothbrush shown In 
Fig. 21—26 sIts on a plastic base. Inside the base 1s a “prImary coil” connected to an 

ac outlet. Inside the toothbrush 1s a “secondary coil” 1n which a current 1s nduced 

due to the changing magnefic field produced by the changing current In the primary 

coïl. The current induced in the secondary coil charges the rechargeable batteries. 

ˆ—¬ (Not an option for ordinary AA or AAA batteries which are ø/ rechargeable.) The 
œ effect is like a transformer——except here there 1s no 1ron to confain the field lines, so 
there Is less efficlency. But you can separate the two parts (toothbrush and charger) 
and brush your teeth. Many heart pacemakers are ø1ven power inductively: power 
in an external coil is transmitted to a secondary coïl in the pacemaker (Fig. 19-25) 


__ ® 


-đ> Primary coil inside the person”s body near the heart. Inductive charging 1s also a possible 
——— (in charger base) : l š : 
means for recharging an electric cars bafterIes. 
ZI E Secondary coil 'Wireless transmission of power must be done over short distances to mainfain 
/ ứn toothbrush) a reasonable efficiency. Wireless transmission of signals (Information) can be done 
1= lạ sin 2t over great distances (Section 22—7) because even fairly low power sipnals can be 


detected, and 1t 1s the Information In the signal voltages that counts, not DOWET. 
FIGURE 21-26 Th¡is electric 


toothbrush contains rechargeable 


batteries whích are being recharged ` L—~@ Information Storage: Magnetic and 


aS 1( sits On 1ts base. CharøIng OCCurs 


toma pimarveoilinthebscoa  ©€Imiconductor; Tape, Hard Drive, RAM 


secondary coïl in the toothbrush. The 
toothbrush can be lifted from itsbase “Magnetic Storage: Read/Write on Tape and Disks 
when you want to brush your teeth.  Recording and playback on tape or disk is done by magnetic heads. Magnetic 
tapes contain a thín layer of ferromagnetic oxide on a thin plastic tape. Computer 
@® PHYSICS APPLIED hard drives (HD) store digital information (applications and data): they have a 
Hard drioe — thìn layer of ferromagnetic material on the surface of each rotating disk or platter, 
Hig. 21-27a. During recording of an audio or video sipnal on tape, or “writing” 
on a hard drive, the voltage 1s sent to the recording head which acts as a tiny 
electromasnet (Fig. 21—27b) that magnetizes the tiny section of tape or disk pass- 
¡ng the narrow gap In the head at each instant. During playback, or “reading” of 
an HD, the changing magnetism of the moving tape or disk at the øap causes 
corresponding changes In the magnetic field within the soft-iron head, which in 
turn induces an emf in the coil (Faraday”s law). This induced emf ¡s the output 
signal that can be processed by the computer, or for audio can be amplified and 
sent to a loudspeaker (for video to a monitor or TV). 


FIGURE 21-27 (a) Photo of a hard drive Electric signal 
showing several platters and read/write heads input (or output) 
that can quickly move from the edge of the 

disk to the center. (b) Read/Write 
(playback/recording) head for disk or tape. 

In writing or recording, the electric input sipnal 
to the head, which acfs as an electromagnet, 
magnetizes the passing tape or disk. In reading 
or playback, the changing magnetic field of the 
passing tape or disk induces a changing magnetic 
field in the head, which In turn induces in the 
coil an emf that 1s the output signal. 


Moving magnetic tape 
or rotating disk 


(b) 

Audio and video signals may be analog, varying confinuously in amplitude over 
time: the variation In depree of magnetization at sequential points reflects the var1a- 
tion1n amplitude and frequency ofthe audio or video signal. In modern equipment, 
analog sipnals (say from a microphone) are electronically converted to digital—which 
means a serles of bifs, each of which 1s a “1” or a “0”, that forms a binary code 
as discussed In Section 17-10. (Recall also, 8 bifs in a row = 1 byte.) 
Computers process only digital information. 
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CD-ROMs, CDs (audio compact discs), and DVDs (digital video discs) are read 
by an opfical drive (not magnetic): a laser emifs a narrow beam of lipht that reflects 
Off the “grooves” of the rotating disc conftaining “pi(s” as described in Section 28—11. 


*Semiconductor Memory: DRAM, Flash 


Basic to your computer 1s its random access memory (RAMI). This 1s where the 
1nformafion you are working with at any given time 1s temporarily stored and 
manipulated by you. Each data storage locatlon can be accessed and read 
(or written) directly and quickly, so you don”t have to wait. In contrast, hard 
drives, tape, flash and external devices are more permanent storage, and they are 
much slower to access because the data must be searched for, sequentially, such 
as along the circular tracks of hard drives (Fig. 21—27a). Programs, applicatIlons, 
and data that you want to use are imported by the computer Into the RAM from 
their more permanent (and more slowly accessed) storage area.” 

RAM 1s based on semiconductor technolosy, storing the binary bits (“0” or “1”) 
as electric charge or voltage. Some computers may use semiconductors also for 
long-term storage (“flash memory”) in place of a hard drive. 

A common type of RAM 1s đynamic random access memory or DRAM, which 
uses arrays of transistors known as MOSEETs (metal-oxide semiconductor 
field-effect transistors). Transistors will be discussed in Section 29—10, but we 
already encountered them in Section 17—11 about TV screen addressing, Hg. 17-34, 
which we show again here, Fig. 21-28. A MOSFET transistor in RAM serves 
basically as an on-off switch: the voltage on the gafe terminal acfs to control the 
conducfivity between the souree and the drain terminals, thus allowing current 
to flow (or not) between them. 

Each memory “cell,” which in DRAM consists of one transIstor and a capacItOr, 
stores one bit ( a “0” or a “1”). Each cell is extremely small physically, less than 
100nm across.` Typical DRAM chips (integrated circuits) contain billions of 
these memory cells. To see how they work, we look at a tiny part, the simple four- 
cell array shown In Hig. 21-29. One side of each cell capacitor 1s grounded; the 
other side 1s connected to the transistor source. The drain of each transIstor 1s 
connected to a very thin conducting wire or “line,” a bif-line, that runs across the 
array of cells. Each gate 1s connected to a word-line. A particular bit 1s a “1” or 
a “0” depending on whether the capacitor of the cell is charged to a voltage V 
(maybe 5Š V) or ¡is at zero (uncharged, or at a very small voltage). 

To write data, say on the upper left cell in Eig. 21-29, word-line-l 1s given 
a hiph enough pulse of voltage to “turn on” the transistor. That 1s, the hiph gate 
voltage attracts charge and allows bif-line-1 and the capacitor to be connected. Thus 
charge can flow from bit-line-1 to the capacitor, charging 1t either to V or to 0, 
depending on the bif-line-1 voltage at that moment, thus writing a “1” or a “0”. 

The lower left cell in Eig. 21-29 can be written at the same time by setting 
bit-line-2 voltage to V or zero. 

Now let us see a simple way to read a cell. In order to read the data stored 
(*1” or “0”) on the upper left cell, a voltage of about 3W is given to bit-line-1. 
Then word-line-1 1s given enough voltage to turn on the transistor and connect 
bit-line-1 to the capacitor. The capacitor, 1Ý uncharged (=“0”), will now drag 
charge from bit-line-1 and the bit-line voltage will drop belo z V. If the capacitor 
1s already charged to W (= “1”), the connection to bit-line-1 will raise bit-line-1”s 
voltage to aboue 2W. A sensor at the end of bit-line-1 will detect either change in 
voltage (Increase means it reads a “1”, decrease a “0”). AlI cells connected to one 
word-line are read at the same moment. The capacitor voltage has been altered 
by the small charge flow during the reading process. So that cell or bit which has 
just been read needs to be written again, or “refreshed.” 


?Computer specifications may use “memory” for the random access (fast) memory, and “storage” for 
the long-term (and slower access) information on hard drives, flash drives, and related devices. 

ŸAt 100nm, 10” bits can fit along a 1-cm line, (1 cm/100nm) = 10?m/10 7m. So a square, 1cm 
on a side, can hold 10” x 10? = 102 = 10Gbits ~ 1GB (gigabyte). Today, cells are even smaller 
than 100 nm: a (30 nm)” cell can hold_~ 10 GB in a 1 cm” area. 
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FIGURE 21-28 Symbol for a 
MOSEET transistor. The gate acts 
to aftract or repel charge, and thus 
open or close the connection along 
the semiconductor that connects 
Source and drain. 


FIGURE 21-29 A tiny 2 x 2 cell, 
part of a simple DRAM array. The 
word-lines and bit-lines do not touch 
each other where they cross. 
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Floating gate 


Gate 


Insulator 


Thin insulator 


Drain 


Semiconductor 


Source 


FIGURE 21-30 A floating sate 
nonvolatile memory cell (NVM). 


FIGURE 21-31 Diagram of a 
microphone that works by induction. 


Membrane Small coil of wire 


To recorder or amplifler 
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Credit card 


The transIstors are Imperfect switches and allow the charge on the tiny capac- 
1fOrs 1n each cell to be “leaky” and lose charge farrly quickly, so every cell has to 
be read and rewritten (refreshed) many times per second. The D in DRAM stands 
for this “dynamic” refreshing action. If the power 1s turned off, the capacItOrs 
lose their charge and the data are lost. DRAM 1s thus referred to as being volatile 
memory, whereas a hard drive keeps Its (magnetic) memory even when the 
electric power 1s off and 1s called nonvolatile memory (doesn”t “evaporate”). 

Flash memory 1s also made of semiconductor material on tiny “chips.” The 
transistor structures are more complicated, and are able to keep the data even 
without power so they are nonvolatile. Each MOSEETT contains a second gate (the 
floafing gafe) insulated on both faces, and can hold charge for many years. 
Charged or not corresponds to a “1” or a “0” bít. Hgure 21-30 1s a diagram of 
such an NÑVM (nonvolatile memory) cell. The floating gate is insulated from the 
standard gate and the semiconductor connecting source and drain. A high posi- 
tive voltaøe on the gate (+20 V) forces electrons in the semiconductor (at 0 V) to 
pass through the thin 1insulator Iinto the floating gate by a process of quantum 
mechanical tunneling (discussed in Section 30—12). This charge 1s stored on the 
floating gate as a “1” bit. The erase process 1s done by applying the opposite 
(—20 V) voltage to force electrons to tunnel out of the floating gate, returning it 
to the uncharged state (= a “0” bit). The erase process is slow (milliseconds vs. ns 
for DRAM), so erasure ¡is done in large blocks of memory. Flash memoryÏ is 
slower to read or wrife, and 1s too slow to use as RAM. Instead, flash memory 
can be used In place of a hard drive as general storage 1n computers and tablets, 
and may be called a “solid state device” (SSD). Flash is also used for flash drives, 
memory cards (such as SD cards), thumb drives, cell phone and portable player 
memory, and external computer memory. 

Masnetoresistive RAM (MRAM) is a recent development, involving (again) 
magnetic properties. One cell (storing one bit) consists of two tiny ferromagnetic 
plates (separated by an Insulator), one of which is permanently magnetized. 
The other plate can be magnetized in one direction or the other, for a “1” or 
a “0”, by current in nearby wires. Cell size 1s a bit large, but MRAM ss fast and 
nonvolatile (no power and no refresh needed) and therefore has the potential to 
be used as any type of memOory. 


”21—9_ Applications of Induction: 


Microphone, Seismograph, GFCI 


*Microphone 

The condenser microphone was discussed 1n Section 17—7. Many other types operafe 
on the principle of1nduction. In one form, a microphone 1s Just the Inverse of a loud- 
speaker (Section 20—10). A small coïl connected to a membrane Is suspended close 
to a small permanent magnet, as shown 1n Hig.21—31. The coil moves In the magnetic 
field when sound waves strike the membrane, and this motion induces an em In 
the moving coil. The frequency of the induced emf wIll be Just that of the Impinging 
sound waves, and this emf 1s the “signal” that can be amplilied and sent to 
loudspeakers or recorder. 


*€Credit Card Reader 


'When you pass a credit card through a reader at a store, the magnetic stripe on 
the back of the card passes over a read head Just as for a computer hard 
drive. The magnefic stripe contains personal mmformation about your account 
and connects by telephone line for approval from your credit card company. 
Newer cards use semiconductor chips that are more difficult to fraudulently 
COPY. 

TWhy the name “Flash”? It may come from the erase process: large blocks erased “in a flash,” and/or 


because the earliest floating gate memories were erased by a flash of UV light which ejected the 
stored electrons. 


Electromagnetic Induction and Faraday“s Law 


""“-¬~<‹ FIGURE 21-32 One type of 
oil SprIn8S : R § Nhi, cả 
seismograph, in which the coil is ñxed 
to the case and moves with the Earth's 
surface. The magnet, suspended by 
sprinøs, has Inertia and does not 
move Instanfaneously with the coil 
(and case), so there 1s relative 
motion between magnet and coIl. 


* Seismograph 
In geophysics, a seismograph measures the Intensity of earthquake waves using a @® PHYSICS APPLIED 
magnet and a coil of wIire. Either the magnet or the coil is fixed to the case, and Seismograph 


the other is inertial (suspended by a spring; Fig. 21-32). The relative motion of 
magnet and coil when the surface of the Earth shakes Iinduces an emf output. 


* Ground Fault Circuit Interrupter (GEFCT) 


Fuses and circuit breakers (Sections 18-6 and 20-7) protect buildings from 
electricity-induced fire, and apparatus from damage, due to undesired high cur- 
renfs. But they do not turn off the current until it is very much greater than that 
which can cause permanent damage to humans or death (~=100mA). If fast 
enousgh, they may protect humans In some cases, such as very high currenfs due to 
short circuifs. A øround fault circuif interrupter (GFCT) 1s meant above alÏ to protecf 


humans. 
Simple electronic circuIt 
: Solenoid 
Sensing treuitibfeaki ¬ 
coil CỆIGMMPDDBPHEE FIGURE 21-33 A ground fault circuit 
1nterrupter (GEC]). 
120 V , —— 

_x Hot ———>-$ Electric circuit with 

Power lines one or more devIces 
Neuzal — — "mm. @pHysics APLiED 
of trouble) GFCI 
Tron ring FIGURE 21-34 (a) A GFCI wall 


outlet. GECIs can be recognized 
by their “test” and “reset” buttons. 
(b) Add-on GFCI that plugs into outfet. 


Electromagnetic Induction 1s the physical basis of a GFCI. As shown In 
Fig.21—33, the two conductors of a power line connected to an electric circuit or device 
(red) pass through a small iron ring. Around the ring are many loops of thin wire 
that serve as a sensing coïl. Under normal conditions (no ground fault), the currenf 
moving 1n the hot power wire 1s exactly balanced by the returning current in the 
neutral wrre. If something øoes wrong and the hot wire touches the ungrounded 
metal case of the device or appliance, some of the entering current can pass through 
a person who touches the case and then to ground (a ground faulf). Then the return — 

La 


đ) 


current in the neutral wIre wïll be less than the entering current in the hot wire, sO 
there 1s a #0ef currenf passing through the GECT's 1ron ring. Because the current 
1S aC, 1t 1s changing and that current difference produces a changing magnetic field 
1n the 1ron, thus inducing an emf in the sensing coil wrapped around the 1ron. For a 

= 


example, 1ƒ a device draws 8.0 A, and there 1s a ground fault through a person of 
100 mA (= 0.1 A), then 7.9A will appear in the neutral wire. The emfinduced (a) 
1n the sensing coil by this 100-mA difference 1s amplified by a simple transIstor 
circuit and sent to i(s own solenoid circuit breaker that opens the circuit at the 
switch S, thus protecting your life. 

TỶ the case of the faulty device 1s grounded, the difference in current 1s even 
higher when there 1s a fault, and the GECT trips very quickly. 

GECTs can sense current differences as low as 5 mÀA and react in Í ms, saving 
lives. They can be small to ft as a wall outlet (Fig. 21—34a), or as a plug-in unIf 
Iinto which you plug a haïr dryer or toaster (Fig.21—34b). It is especially Important to 
have GFCTs installed in kitchens, in bathrooms, outdoors, and near swimming pools, 
where people are most 1n danger of touching ground. GECIs always have a “test” 
button (to be sure the GECI 1(self works) and a “reset” button (after 1t goes off).  (b) 
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sa 
(induced) 


FIGURE 21-35 A changing current 
1n one coïl wIll induce a currenf in 
the second coIl. 
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Pacemaker 


*21—10 Inductance 


* Mutual Inductance 


T two colls oŸ wire are near one another, as in Fig. 21-35, a changing currenft in 
one will induce an emf in the other. We apply Faraday”s law to coIl 2: the emf '% 
1nduced 1n coIl 2 1s proportional to the rate of change of magnetic flux passing 
through it. A changing flux in coil 2 1s produced by a changing current !¡ in coll 1. 
So ' 1s proportional to the rate of change of the current In coll 1: 
% SG 
› = —M K (21-8a) 

where we assume the time 1nterval Af 1s very small, and the constant OŸ pTOpOT- 
tionality, ÄM, 1s called the mutual inducfance. (The minus sign is because of 
Lenz's law, the induced emf opposes the changing flux.) Mutual immductance 
has units of V-s/A = Ô-s, which ¡is called the henry (H), after Joseph Henry: 
1H=105s. 

The mutual inductance M 1s a “constant” m that 1t does not depend on ñ;; 
M depends on “øeometric” factors such as the size, shape, number of turns, and 
relatIve positions of the two coils, and also on whether iron (or other ferromagnetic 
material) Is present. For example, the farther apart the two coils are in Fig. 21-35, 
the fewer lines of flux can pass through conl 2, so ÄM⁄ will be less. If we consider the 
1nverse situatlon—a changing current 1n coil 2 inducing an emf 1n coil 1—the 
proportionality constant, M⁄, turns out to have the same value, 

% M = 21-8b 
1 Âÿ (21-8b) 

A transformer 1s an example of mutual inductance 1n which the coupling 1s 
mmaxIm1zed so that nearly all fux lines pass through both coils. Mutual inductance 
has other uses as well, including Iinductive charging of cell phones, electric cars, 
and other devices with rechargeable batteries, as we discussed in Section 21—7. 
Some tfypes of pacemakers used to maintamn blood flow in heart patients 
(Section 19—6) receive their power from an external coil which 1s transmitted via 
mnutual nductance to a second coIl in the pacemaker near the heart. This type has 
the advantage over battery-powered pacemakers m that surgery 1s not needed to 
replace a battery when 1t wears out. 


* Self-Inductance 


The concept of 1nductance applies also to an 1solated single coil. When a changing 
current passes throuph a coil or solenoid, a changing magnetic flux 1s produced 
1nside the coil, and this im turn induces an emf. This induced emf opposes the 
change in flux (Lenz”s law); it is much like the back emf generated in a motOr. 
(For example, If the current throuph the coil is Increasing, the increasing mag- 
nefic fux Iinduces an emf that opposes the oripinal current and tends to retard 
1s Increase.) The induced emf % is proportional to the rate of change In current 
(and ¡s in the direction opposed to the change, hence the minus sign): 


% = -L—— (21-9) 


The constant of proportionality L 1s called the self-inducfance, or simply the 
inducfance of the coil. I(, too, is measured In henrys. The magnitude of  depends 
on the s1ze and shape of the coil and on the presence oÝ an 1ron core. 

An ac circuit (Section 18—7) always contaIns some inductance, but often 1t 1s 
quite small unless the circuit confains a coil of many loops or turns. A coil that 
has significant self-inductance L 1s called an inductor. lt is shown on circuIf 
điagrams by the symbol 


-ww%-. [inductor symbol] 


608 CHAPTER21 Electromagnetic Induction and Faraday's Law 


CONCEPTUAL EXAMIPLE 21-12 | Direction of emf in inductor. Current 


passes through the coïl in Eig. 21—36 from leff to right as shown. (2) If the current 1s 
Iincreasine with time, in which direction 1s the induced emf? (?) If the current 
1s decreasing In time, what then 1s the direction of the induced emf? 


RESPONSE (2) From Lenz's law we know that the induced emf must oppose 
the change in magnetic flux. IỶ the current 1s Increasing, so 1s the magnetic flux. 
The induced emf acts to oppose the 1ncreasing flux, which means 1t actfs like a 
source of emf that opposes the outside source of emf driving the current. So 
the Iinduced emf in the coil acts to oppose 7 1n Eig. 21—36a. In other words, the 
inductor might be thought oŸ as a battery with a positive terminal at point A 
(tending to block the current entering at A), and negative at point B. 

(b) If the current 1s decreasing, then by Lenzs law the induced emf acts to 
bolster the flux——like a source of emf reinforcing the external emf. The induced 
emf acfs to Increase / in Fig. 21—36b, so In this situatlon you can think of the 
induced emf as a battery with 1s negative terminal at point A to attract more 
current (conventional, +) to move to the ripht. 


Solenoid inductance. (z) Determine a formula for the 
self-inductance L of a long tightly wrapped solenoid coiïl of length É and cross- 
sectional area 44, that contains X turns (or loops) of wire. (5) Calculate the value 
of Lif N = 100, ? = 5.0cm, A = 0.30cm”, and the solenoid is air fñlled. 


APPROACH The induced emfn a coil can be determined either from Faraday”s 
law (€ = —N A®g/A?) or the self-inductance (6 = —L AI/Ar). I we equate 
these two expressions, we can solve for the inductance Ù since we know how to 
calculate the flux ®; for a solenoid using Eq.20-8 (B = mạ7N/19). 

SOLUTION (a) We equate Faraday* law (Eq. 21-2b) and Eq. 21-9 for the 
inducftance: 


A®œg AI 
% — N = —L , 
Af Af 
and solve for E: 
Aq®g 
L=N , 
AT 


We know ®; = BA (Eq.21-1), and Eq. 20-8 gives us the magnetic field Ø for 
a solenoid,  = ạMN1/£, so the magnetic flux inside the solenoid is 


nọ NIA 
¬~_" 


Any change In current, A7, causes a change In flux 


We put this Into our equation above for L: 


Aq®g uọ N?A 
"NT 1 


(b) Using ạ = 4m X 10”T-m/A, and putting in values given, 


: (4m x 107T-m/A)(100)?(3.0 x 10 Šm?) `. 
` (5.0 x 10'?m) TP giả Ngôi 


-ˆÔ -^ “ð000ð00ðx®>- 


Increasing + — 


(a) 
bị A 7ì ¬B 
decreasing — JÙððððð + 
(b) 


FIGURE 21-36 Example 21-12. 
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Switch Vạ 


FIGURE 21-37 LR circuit. 


FIGURE 21-38 (a) Growth of 
current in an L# circuit when 
connected to a battery. (b) Decay of 
current when the L# circuit 1s shorted 
out (battery 1s out of the circuit). 


—b Time 
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*2I-ll  Energy Stored in a Magnetic Field 


In Section 17-9 we saw that the energy stored in a capacitor is equal to ; CV”. 
By using a similar argument, 1t can be shown that the energy Ũ stored in an 
1nductance L,, carrying a current Ï, 1s 
U = 
Just as the energy stored In a capacitor can be considered to reside in the electric 
field between 1ts plates, so the energy 1n an Iinductor can be considered to be 
Stored mm 1fs magnetfic field. 
To write the energy 1n terms of the magnetic field, we quote the result of 
Example 21—13 that the inductance of a solenoid is L = ạN?A//. The magnetic 
field  ín a solenoid is related to the current 7 (see Eq. 20-8) by 8 = mạ N1/t. 


Thus, 7 = Bf/uạẹN, and 
am l 
2 1 nọN 


We can think of this energy as residing In the volume enclosed by the windingss, 
which 1s 4. Then the energy per unit volume, or energy densify, 1s 


energy = ÿ LẺ. 


U = 


energy = ÿLl = 


u = enerøy density = } (21-10) 
This formula, which was derived for the special case of a solenoid, can be shown to 
be valid for any reglon of space where a magnetic field exists. If a ferromagnetic 
mafterial 1s present, ọ 1s replaced by . This equation 1s analogous to that for an 


electric field, 2eg”?, Section 17-9. 


c *2]—12 LRCircuit 


Any imnductor will have some resistance. We represent an Iinductor by drawing the 
inducfance L and 1s resistance  separately, as In Fig. 21—37. The resistance #® 
could also include any other resistance In the circuit. Now we ask, what happens 
when a battery of voltage Vọ 1s connected 1n serles to such an L# circuit? At the 
1nstant the switch connecting the batfery 1s closed, the current starts to flow. It 1s 
opposed by the induced emf in the Iinductor because of the changing current. 
However, as soon as current starts to flow, there 1s a voltage drop across the 
resistance (W = /R). Hence, the voltage drop across the inductance 1s reduced 
and the current increases less rapidly. The current thus rises gradually, as shown 
in Eig. 21-38a, and approaches the steady value /ạ„ = VWọ/R when there is no 
more emf in the inductor (7 is no longer changing) so all the voltaøe drop 1s across 
the resistance. The shape of the curve for ƒ as a function of time 1s 
 ......... 
¡j R lu "2N hệ 
where e is the number e = 2.718::- (see Section 19—6) and 
L 


7T = 


R 


is the time constant of the circuit. When / = 7, then (1 — e †) = 0.63, so 7 is the 
time requrred for the current to reach 0.63 lnạx. 

Next, If the battery ¡s suddenly switched out of the circuit (dashed line in 
Fig. 21-37), it takes time for the current to drop to zero, as shown in Fig. 21—38b. 
Thịs 1s an exponential decay curve given by 

1Ã” xẻ 
The time constant 7 1s the time for the current to decrease to 0.377ma„ (37% of the 
original value), and again equals L/R. 

These graphs show that there 1s always some “lag time” or “reaction time” 
when an electromagnet, for example, 1s turned on or off. We also see that an 
LÑ circuit has propertles similar to an &C circuit (Section 19-6). Unlike the 
capacItor case, however, the time constant here 1s /ersely proportional to Ñ. 


[LR circuit with emf] 


[LR circuit without emf] 
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*2]—13 AC Circuits and Reactance 


We have previously discussed circuits that contain combinafions OŸ resIstOr, capac- 
1tor, and mductor, but only when they are connected to a dc source of em or to 
zero voltaøe. Now we discuss these circuit elements when they are connected to a 
source of alternating voltage that produces an alternating current (ae). 

First we examine, one at a time, how a resistor, a capacitor, and an Inductor 
behave when connected to a source of alternafting voltage, represented by the symbol 


«ê-e [alternating voltage] 


which produces a sinusoidal voltage of frequency ƒˆ We assume 1n each case that 
the emf g1ves rIse to a currenf 


l = lcos27ƒt, 


where f ¡s time and ïs is the peak current. Remember (Section 18-7) that 
mg = lạ, and đụaa = 1y/V⁄Z (Bq. 18-8): 


* ResistOr R 
'When an ac source 1s connected tfo a resistor as 1n Fig. 21—39a, the currenf Increases 
and decreases with the alternating voltage according to Ohm's law, 
ƒ = IRÑ = IạRcos2mƒf = VWạcos 27ƒt 
where Wạ = ?sÑ is the peak voltage. Figure 21—39b shows the voltage (red curve) (a) 


and the current (blue curve) as a function of time. Because the current is zero 
when the voltage 1s zero and the current reaches a peak when the voltage does, 
we say that the current and voltage are in phase. Energy 1s transformed Into heat 
(Section 18-7), at an average rate P = IV = 1?7„sR = V?„/R. 


*Inductor : 
————— : : I=lạcos2zƒt `V 
In Fig. 21-40a an Inductor of inductance ¿, (symbol —www) is connected to the V= Wycos 2zƒt 
ac source. We iønore any resistance 1t mipht have (ït is usually small). The voltaøe (b) 


applied to the inductor wIll be equal to the “back” emf generated 1n the Inductor 
by the changing current as given by Eq. 21—9. This 1s because the sum of the elec- 
tric potential changes around any closed circuit must add up to zero, by Kirchhoffs 


FIGURE 21-39 (a) Resistor 
connected to an ac sOurce. 
(b) Current (blue curve) is in phase 


rule. Thus with the voltage (red) across a 
AI T€SIS(OT. 
ƒ-=L_.——=0 
Af 
MP FIGURE 21-40 (a) Inductor 
AI = Lái connected to an ac source. 
Af TL (b) Current (blue curve) laøs voltage 
(red curve) by a quarter cycle, or 90°. 


where V is the sinusoidally varying voltage of the source and L A7/Af is the voltase 
induced 1n the mductor. According to the last equation, 7ƒ 1s increasing most 
rapidly when V has Its maximum value, ƒ = Vọẹ. And 7ƒ will be decreasing mosf 
rapidly when V = —Vạ. These two Instants correspond to poinfs d and b on the 
graph of voltage versus time 1n Hg. 21—40b. By going point by poinf mm this manner, 
the curve of W versus ƒ as comparced to that for 7 versus f can be consfructed, and 
they are shown by the blue and red lines, respectfively, in Eig. 21—40b. Notice that 
the current reaches ifs peaks (and troughs) ¿ cycle after the voltage does. We say 
that the 


L 


currenf lags the voltage by 90° for an inductor. 


Because the current and voltage in an inductor are owf øƒphase by 90”, the product 
IV(= power) is as often posifive as It is negative (Fig.21—40b). So no energy 1s trans- I= lạ cos 2Zƒ† 
formed In an inductor on average; and no enersy 1s dissipated as thermal energy.  (b) V= —W sin 27 ƒf 
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FIGURE 21-41 (a) Capacitor 
connected to an ac sOurce. 

(b) Current leads voltase by 
a quarter cycle, or 907. 


‹Š*CAUTION 


Only resistance đissipates 


€nergy 


Just as a resistor impedes the flow of charge, so too an inductor impedes the 
flow of charge ím an alternating current due to the back emf produced. For a 
resistor #, the current and voltage are related by ƒ = 1Ñ. We can wrife a similar 
relation for an inductOr: 


bên or peak values, 


ƒ nh not at any instant 


| (21-11a) 
where X; 1s called the inducfive reacfance. X; has unifs of ohms. The quanfifies 
V and 7n Eq. 21—11a can refer either to rms for both, or to peak values for both 
(see Section 18-7). Although this equation can relate the peak values, the peak 
current and voltage are not reached at the same time; so Eq. 21—11a 1s not 0alid at 
a particular instanf, as 1s the case for a resistor (W = IR). Careful calculation 
(using calculus), as well as experiment, shows that 


Xị = øL = 2mƒL, (21—11b) 


where œ = 27rƒ and ƒ1s the frequency of the ac. 
For example, the Iinductive reactance of a 0.300-H Inductor at 120 V and 60.0 Hz 
is X¿ = 2zƒL = (6.28)(60.0s”)(0.300H) = 113 0. 


* Capacitor 

'When a capacifor 1s connected to a battery, the capacitor plates quickly acquire 
equal and opposite charges; but no steady current flows In the circuit. A capacItor 
prevents the flow ofa dc current. But 1ƒ a capacitor 1s connected to an alternating 
source of voltage, as 1n Fig. 21—41a, an alternating current will flow continuousÌy. 
This can happen because when the ac voltage 1s ñirst turned on, charge begins 
to flow and one plate acquires a negative charge and the other a posifive charge. 
But when the voltage reverses 1fself, the charges flow 1n the opposite direction. 
Thus, for an alternating applied voltage, an ac current 1s present In the circuIt 
confinuousÌy. 


C 
1= lọcos 2Zƒï 
V= ĐWsin 2z ƒff 
(a) (b) 


The applied voltage must equal the voltase across the capacitor: ƒ = Ø/C, 
where C 1s the capacitance and Ó the charge on the plates. Thus the charge @ on 
the plates 1s 1n phase with the voltage. But what about the current ƒ? At poïnt a1n 
Fig. 21—41b, when the voltage 1s zero and starfs Increasing, the charge on the plates 
1S Zero. Thus charge flows readhily toward the plates and the current 7 1s large. 
As the voltape approaches 1s maximum of Wọ (point b in Eig. 21—41b), the charge 
that has accumulated on the plates tends to prevent more charge from flowing, so 
the current 7 drops to zero at point b. Thus the current follows the blue curve 1n 
Hig. 21-41b. Like an inductor, the voltase and current are out of phase by 907. 
But for a capacitor, the current reaches its peaks ¿ cycle before the voltage does, 
So we say that the 


currenf leads the voltage by 90° for a capacitor. 


Because the current and voltage are out of phase, the average power dissipafed 1s 
Zero, Just as for an Inductor. Thus Ø#hy a resistance tuill dissipafe energy as thermal 
©nerøy In an ac cirCuIt. 
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A relatlonship between the applied voltage and the current In a capacitor can 
be written Just as for an Inductance: 


V = IX., 


where Xe 1s called the capacifive reacfance and has units of ohms. W and ï can 
both be rms or both maximum (Wọ and ?); Xe depends on both the capacitance Œ 
and the frequency ƒ: 
ÍÍ 1 
Xc = = › 
°„C  2mƒC 

where œ = 27ƒ. For dc conditions, ƒ = 0 and Xe becomes Infimite, as 1t should 
because a capacitor does not pass dc current. 


EXAMPLE 21-14 | Capacitor reactance. What is the rms current in the circuIt 
of Hg.21-41a If C = 1.00 EF and W;m; = 120V? Calculate for (2) ƒ = 60.0 Hz, 
and then for (b) ƒ = 6.00 x 10°Hz. 

APPROACH We find the reactance using Eq. 21—12b, and solve for current in 
the equivalent form of Ohm's law, Eq. 21—12a. 

SOLUTION (2) Xe = 1/2mƒC = 1/(2z)(60.0s ”)(1.00 x 10 “F) = 2.65 kO. 
The rms current ¡s (Eq. 21—12a): 


rms or peak 


values | ko ý 


(21-12b) 


Wtms 120V 
lms = = s= = 41.2mA. 
Xe 2.65 x 1010 
(b) For ƒ = 6.00 x 107Hz, Xe willbe 0.265 O and 7; = 452 A, vastly larger! 


NOTE The dependence on ƒ1s dramatic. For high frequencies, the capacitIve 
reactance 1s very small. 


Two common applications of capacitors are 1llustrated in Eigs.21—42a and b. In @® PHYSICS APPLIED 
Fig.21—-42a, circuit A 1s said to be capacitively coupled to circuit B. The purpose of Capacttors as filters 
the capacItor 1s to prevent a dc voltage from passing from A to B but allowing an 
ac sipnal to pass relatively unimpeded (1ƒ C 1s sufficiently large). In Eig.21—42b, the 


Signal 


_H- 
AI c L 


(a) High-pass filter 


Signal cHỊ 
s5 C li 


FIGURE 21-42 (a) and (b): Two 
common uses for a capacitor as a filter. 
(c) Simple loudspeaker cross-Over. 


Amplifler 
Oufput 


IH > 


(b) Low-pass filter (c) 


capacifor also passes ac and not dc. In this case, a dc voltage can be maintained 
between circuifs A and B, but an ac signal leaving A passes to øround 1nstead of 
Iinto B. Thus the capacitor 1n Fig. 21—42b acts like a filter when a constant dc voltage 
1S required; any sharp variation in voltage passes to øround I1nstead of into 
circuit B. 


EXERCISE F The capacitor C in Fig. 21—42a is often called a “hiph-pass” filter, and the 
one in Fig.21—42b a “low-pass” filter. Explain why. 


Loudspeakers having separate “woofer” (low-frequency speaker) and “tweeter” 
(hiph-frequency speaker) may use a simple “cross-over” that consists Of a capaci- 
tor in the tweeter circuit to impede low-frequency signals, and an inductor in the @® PHYSICS APPLIED 
Woofer circuit to impede high-frequency signals (X„ = 2ƒ). Hence mainly low- Loudspeaker cross-OUer 
frequency sounds reach and are emitted by the woofer. See Eig. 21—42c. 
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*2]—14 LRC Series AC Circuit 


Let us examine a circuit confaining all three elements In series: a resistor ®#, an 

R L C inductor L, and a capacitor C, Fig. 21-43. IỶ a given circuit confains only two of 

these elements, we can still use the results of this Section by setting Ñ = 0, 

X,=0,or Xe =0, as needed. We let Vạ, VW¡, and Vệc represent the voltage 

across each element at a gien imsfamf m time; and Wạạ, VW¡s, and Vệ represent 

l the maxữmum (peak) values of these voltages. The voltage across each of the 

HGURE 21-43 An LRC circuit. elements wïll follow the phase relations we discussed In the previous Section. At 
any instant the voltage W supplhied by the source wIll be, by Kirchhoffs loop rule, 


ƒ = Vạ+ W, + Vc. (21-13a) 

Â*CAUTION 
Peak 0oliages do not add ío yield Because the various voltages are not in phase, they do not reach their peak values at 
source 0olfage _. the same time, so the peak voltage of the source Wạ will „oi equal Wạạ + W;¡o + Wẹạ. 


Vro= lọXi, *Phasor Diagrams 

The current In an LC circuit at any Instant is the same at all points in the circuIf 
(charge does not pile up in the wires). Thus the currents in each element are in 
phase with each other, even thouph the voltages are not. We choose our origin 
in time (f = 0) so that the current 7 at any time í is 


l = lạcOS27ƒt. 


AC circuifs are complicated to analyze. The easiest approach 1s to use a sOrtf 

V_o= loXt, YRo=lọR Of vector device known as a phasor dỉagram. Arrows (treated like vectors) are 

lọ drawn In an xy coordinate system to represent each voltage. The length of each 
` em arTOW Tepresenfs the magnitude of the peak voltage across each element: 


Vụ = 1ọR, Vio = lọX, and co = lọ%Xc. (21—-13b) 


Vạọ 1S in phase with the current and 1s initially (f = 0) drawn along the posifive 
x axIs, as 1s the current ï¿. Vo leads the current by 90”, so 1t leads Wạo by 90” and 
1s Inifially drawn along the positive y axis. Wcọ lags the current by 90, so Vệ 1S 
drawn Inifially along the negative y axIs. See Eig. 21-44a. If we let the vector 
diagram rofate counterclockwise at frequency ƒ, we get the diapram shown 1n 
Hig. 21—-44b; after a time, f, each arrow has rotated through an angle 2zrƒí. Then 
the proJectlons of each arrow on the x axIs represent the voltages across each 
element at the Instant í, as can be seen in Hg.21—44c. For example J = ⁄qcos 27ƒt. 

The sum of the projections of the three voltage vectors represents the Instanfa- 
neous voltage across the whole circuit, W. Therefore, the vector sum of these 
vectors will be the vector that represents the peak source voltage, Wạ, as shown 
HGURE 21-44 Phasor diagram fora  ¡n Fịg 21-45 where it is seen that Wạ makes an angle @ with 7¿ and Wạo. As time 
serics LR€ circuit at (a) í = 0, (b) time f_ basses, W2 rotates with the other vectors, so the instantaneous voltage W (projec- 


later. (c) ProJections on the x aXIS : T_Z : 
Rau: - { lì th Hig.21-45 
which give !, Vạ, W¿, W¿ at time í. lon of Vú on the x axis) is (see Fig ) 


FIGURE 21-45 Phasor diagram for a VW = Wocos(2mƒt + ở). 
serles LC circuit showing the sum 


SE E5) kh The voltage W across the whole circuit must equal the source voltage (Fig. 21-43). 


Thus the voltage from the source 1s out of phase with the current by an angle ở. 
From this analysis we can now determine the total impedance Z of the 
circuit, which 1s defined In analogy to resistance and reactance as 


Vtms — Tìm OT Ms = lZ. (21-14) 


From FEig. 21-45 we see, using the Pythagorean theorem (W is the hypotenuse of a 
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ripht trianple), that (use Eq.21—13b) 
Vụ = V% + (Vis — Vee 
= hVR?+ (X, - Xe}. 
Thus, from Eq. 21—14, the total mpedance Z2 Is 


Z =WR*+(.- xơ. (21-15) 
Also from Fig. 21—45, we can find the phase angle @ between voltage and current: 
Wio — Ÿco l(X, a Xe) Xx,— Xc 


bưu < = = 21-16 
Big Ty DR R ( 8) 


and 
VRo 1ạR R 
W§ lạZ Z 
Figure 21-45 was drawn for the case X; > Xe, and the current lags the source 
voltasge by ở. When the reverse 1s true, X; < Xe, then 1n Eqs. 21—16 1s less 
than zero, and the current leads the source voltage. 

W© saw earlier that power 1s dissipated only by a resistance; none 1s dissipated 
by inductance or capacitance. Therefore, the average power is given by P = 12s Ñ. 
But from Eq.21—-16b,  = Zcosở. Therefore 


P = lmZcosở = la V¿mscoOS ở. (21-17) 


The factor cos ở 1s referred to as the power factfor of the circuIt. 


cos jÒ (21—-16b) 


LRC circuit. Šuppose ® = 25.00, L = 30.0mH, and 
€ = 12.0 F in Eig.21—43, and they are connected in series to a 90.0-V ac (rms) 
500-Hz source. Calculate (2) the current In the circuit, and (b) the voltmeter 
readings (rms) across each element. 


APPROACH To obtain the current, we determine the impedance (Eq. 21—15 
plus Eqs. 21—11b and 21—12b), and then use 7x; = W;„/Z (Eq. 21-14). Voltage 
drops across each element are found using Ohm'”s law or equivalent for each 
element: W„ = /Ñ&, W¡ = IX,, and Wẹc = IXc. 
SOLUTION (a) First, we find the reactance of the mmductor and capacitor at 
ƒ = 500Hz = 5005": 

1 


Xi, = 2mƒL = 9420, Xe = Tên 26.5 ©. 
TT 


Then the total Impedance 1s 


Z = VR?+(X,- x. = N/(500? + (9420 - 2650)7 = 7220. 


From the impedance version of Ohm”s law, Eq. 21—14, 


Wtms 90.0V 
lms = = = 1.25A. 
Ko Ự4 7220 


(b) The rms voltage across each element is 
(Vhhm = hạyvR = Ú125A)/2500) = 312V 
[họa uy Ấy = (125 A1043 0) IV 
(Enlme = luc = (U25À)(6501 = 331V, 


NOTE These voltages do mo add up to the source voltage, 90.0 V (rms). Indeed, 
the rms voltage across the Inductance exceeds the source voltage. This can happen 
because the different voltages are out of phase with each other: so, at any Instant 
the capacitor”s voltage might be negative which compensates for a large posifIve 
inductor voltage. The rms voltages, however, are always posifive by definition. 
Althouph the rms voltages need not add up to the source voltage, the Instantaneous 
voltages at any time must add up to the source voltage at that instant. 
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$*CAUTION 


Indioidual peak or rms 0oltages 
do NOT add up to source 0oliage 


(due to phase differences) 
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T mg 
For 
small ® 
For 
large ® 
0 † † 
0.90ƒÐ í% 1.10ƒb 


FIGURE 21-46 Current in an LR&C 
Circuit as a function of frequency, 
showing resonance peak at 


ƒ=fh= 1/(2mVLC). 


Summary 


*21—15 Resonance in AC Circuits 


The rms current in an LÑC series circuIf 1s ø1ven by (see Eqs. 21—14, 21—15, 21—11b, 
and 21-12b): 


Wtms Wtms 
= (21-18) 


Tìm = 
TTS Z : 1 2 
+ —¬¬....d. 
R [zz/ 2 =] 


Because the reactance of inductors and capacitors depends on the frequency ƒof 
the source, the current in an ULRC circuit depends on frequency. From Eq. 21—18 
we see that the current wIll be maximum at a frequency that satisfies 


1 
2mƒL — ——— = U 
mƒ 27ƒC 
We solve this for ƒ, and call the solution ƒq: 
1 1 
ƒh = 2„Wre [resonance] (21-19) 


When ƒ = ƒạ, the circuIt 1s 1n resonance, and ƒ§ 1s the resonant frequency of the 
circuit. At this frequency, Xe = X;, so the Impedance 1s purely resistive. A graph 
OŸ lạ; versus ƒ1s shown 1n Flg. 21-46 for particular values of R, L, and CŒ. For 
smaller ®# compared to X; and X¿, the resonance peak wIll be higher and sharper. 

'When # is very small, we speak of an UC circuit. The energy in an LC circuit 
Ooscillates, at frequency ƒq, between the inductor and the capacitor, with some being 
đdissipated In ®# (some resistance 1s unavoidable). Thĩs is called an UC oscillation 
or an electromagnefic oscillafion. Not only does the charge oscillate back and forth, 
but so does the energy, which oscillates between being stored In the electric field 
Of the capacitor and In the magnetic field of the inductor. 

Electric resonance 1s used 1n many circuits. Radio and TV sets, for example, 
use resonant circulfs for tuning 1n a station. Many frequencies reach the circuIt 
from the antenna, but a sipmificant current flows only for Írequencies at or near 
the resonant frequency chosen (the statlon you want). Either L or C 1s variable 
so that different stations can be tuned in (more on this in Chapter 22). 


The magnetic flux passing through a loop is equal to the prod- 
uct of the area of the loop times the perpendicular component 


of the magnetic field: 


®p = B.,A = BAcos0. 

Tf the magnetic flux through a coil of wire changes In time, 

an emf 1s induced ¡in the coil. The magnitude of the induced 

emf equals the time rate of change of the magnetic flux throuph 
the loop times the number X of loops In the coll: 


Ad®g 


Thịs 1s Faraday”s law of induction. 


A motor, which operates In the reverse OŸ a øenerator, acfs 
like a generator in that a back emf 1s induced In 1(s rotating coIl. 
Because this back emf opposes the input voltage, 1t can act to 
limit the current in a motor coil. Similarly, a generator ac(s 
somewhat like a mofor In that a counfer forque acfs on Ifs 
rofating coIl. 

A transformer, which is a device to change the magnitude 
Of an ac voltage, consIsts OŸ a primary coIl and a secondary coIl. 
The changing flux due to an ac voltage In the primary coil 
induces an ac voltage in the secondary coil. In a 100% efficient 
transformer, the ratio of output to input voltages (Vs/Wp) 
equals the ratio of the number of turns Ms in the secondary to 


(21-1) 


(21-2b) 


The induced emf can produce a current whose magnetic 
field opposes the original change in flux (Lenz?s law). 

Faraday's law also tells us that a changing magnetic field 
produces an electric field; and that a straight wire of length £ 
moving with speed » perpendicular to a magnetic field of 
strength 8 has an emf induced between ¡fs ends equal to 

$6 = Bo. (21-3) 

An electric generafor changes mechanical energy Into 
electric energy. Its operation 1s based on Faraday”s law: a coïl 
Of wire is made to rotate uniformly by mechanical means In a 
magnetic field, and the changing flux through the coïl induces 
a sinusoidal current, which 1s the output of the generator. 
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the number Xpb in the prImary: 


W_MN 


nh (21-6) 


The ratio of secondary to primary current is in the Inverse ratio 
Of turns: 

mm. 

—. 21-7 

ĐA (21-7) 

[#Read/write heads for computer hard drives and tape, as 

well as microphones, øround fault circuit interrupfers, and seismo- 
graphs, are all applications of electromagnetic induction.] 


Electromagnetic Induction and Faraday“s Law 


[fA changing current in a coil of wire will produce a 
changing magnetic field that induces an emf In a second coïl 
placed nearby. The mutual inductance, 1, is deined by 

Ah 
ó¿ = —M ñ- (21-8)| 

[fZWithin a single coil, the changing Ö due to a changing 
current induces an opposing emf , so a coil has a 
self-inductance U defined by 


& = -L——- (21-9)] 


[The energy stored in an inductance L, carrying current 7 
is given by U = š LJ. This energy can be thought of as being 
stored In the magnetic field of the inductor. The energy densIty 
1n any magnetic field B 1s given by 


(21-10)] 


[fZWhen an inductance L, and resistor # are connected in 

Series fo a source of emf, Wạ, the currenf rIses as 
W 
j= U — e1, 

where 7 = L/R is the time consfant. If the battery is suddenly 
switched out of the 1 circuit, the current drops exponentially, 
1= TT, HAI) 

[ZInductive and capacitive reacfance, X, defined as for 
resIstOrs, 1s the proportionality constant between voltage and 


Questions 


current (either the rms or peak values). Across an inductor, 


W = IX,, (21-11a) 
and across a capacItOr, 

ƒ = Tlc,. (21-12a) 
The reactance of an inductor Increases with frequency ƒ, 

Xị = 2mƒL, (21-11b) 
whereas the reactance of a capacitor decreases with frequency ƒ, 

Xc = mg (21-12b) 


The current throuph a resistor 1s always In phase with the voltage 
across 1t, but in an inductor the current lags the voltage by 90”, 
and In a capacitor the current leads the voltage by 90°.] 

[ZIn an L&C series circuit, the total impedance Z ¡s defined 
by the equivalent of ƒ = 7Ñ for resistance, namely, 


Wụu = lọZ OT Wtms = msZ: (21-14) 
Z/ 1s gIven by 
Z = VR+(X; - X.c}. (21-15)] 


[An LRC series circuit resonates at a frequency given by 


1 1 

—alx_-' 21-19 
2m \ LC ( ) 
The rms current in the circuit 1s largest when the applied 


voltage has a frequency equal to ƒq.] 


ƒ% = 


1. What would be the advantage, In Faraday's experiments 
(Eig. 21—1), of using coils with many turns? 

2. What is the difference between magnetic flux and magnetic 
field? 

3. Suppose you are holding a circular ring oŸ wire in front of you 
and (2) suddenly thrust a magnet, south pole first, away from 
you toward the center of the circle. Is a current induced in 
the wire? (b) Is a current induced when the magnet ¡is held 
steady within the ring? (c) Is a current induced when you 
withdraw the magnet? For each yes answer, specIfy the 
direction. Explain your answers. 

4. (z)A wire loop is pulled away from a current-carrying Wire 
(Eig. 21-47). What 1s the direction of the induced current 
1n the loop: clockwise or counterclockwise? 

(b) What If the wire loop stays fixed as the 
current ƒ decreases? Explain l | L| 
YOUT anSWeTS. 

5. (a) If the north pole of a thin flat magnet moves on a table 
toward a loop also on the table (Fig. 21-48), in what direc- 
tion 1s the Induced current in the loop? Assume the magnet 


1s the same thickness as the wire. (5) What ¡f the magnet Is 
four times thicker than the wire loop? Explain 


VOUT AanSWCFTS. 
FIGURE21-48 |Š làI 


Question 5. 6 


FIGURE 21-47 
Question 4. 


6. Suppose you are looking along a line throuph the cenfters of 
two circular (but separate) wire loops, one behind the other. 
A battery 1s suddenly connected to the front loop, establish- 
¡ng a clockwise current. (2) WIII a current be induced ïn the 
second loop? (b) If so, when does this current start? (c) When 
does It stop? (đ) In what direction ïs this current? (e) Is there 
a force between the two loops? (ƒ) If so, in what direction? 


7. The battery mentioned in Question 6 1s disconnected. WIII 
a current be induced in the second loop? T so, when does 
1t start and stop? In what direction 1s this current? 


8. In Eig. 21-49, determine the direction of the induced cur- 
renf in resistor RA (2z) when coIl B 1s moved toward coil A, 
(b) when coil B is moved away from A, (c) when the resis- 
tance p Is Increased but the coils remain fixed. Explain 
VOUT anSWeTS. 


Coil B Coil A 


FIGURE 21-49 
Question 8. Rp RA 


9. In situations where a small signal must travel over a distance, 
a shielded cable 1s used in which the signal wire 1s sur- 
rounded by an insulator and then enclosed by a cylindrical 
conductor (shield) carrying the return current. Why is a 
“shield” necessary? 


10. What is the advantage of placing the two Insulated electric 
WIres carrying ac close together or even twisted about each 
other? 

11. Explain why, exactly, the lights may dim briefly when a 
refriperator motor starts up. When an electric heater 1s 
turned on, the lights may stay dimmed as long as the heater 
1s on. Explain the difference. 

12. Use Figs. 21—14 and 21—17 plus the ripght-hand rules to show 
why the counter torque In a generator øøposes the mofion. 

13. WiII an eddy current brake (Fig. 21-20) work on a copper 
or aluminum wheel, or must the wheel be ferromagnetic? 
Explain. 
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14. 


15. 


16. 


17. 


18. 


1. 


61 


A bar magnet falling Iinside a vertical metal tube reaches a 
terminal velocity even If the tube 1s evacuated so that there 
1S no alr resistance. Explain. 

It has been proposed that eddy currents be used to heÏp sort 
solid waste for recycling. The waste 1s first ground Into tiny 
pleces and iron removed with a magnet. The waste then 
1s allowed to slide down an incline over permanent magnets. 
How wIll this aid in the separation of nonferrous metals 
(AI, Cu, Pb, brass) from nonmetallic materials? 

The pivoted metal bar with slots in Fig. 21—50 falls much 
more quickly through 
a magnetic field than 
does a sold bar. 
Explain. 


FIGURE 21-50 
Question 16. 


lf an aluminum sheet 1s held between the poles of a large 
bar magnet, it requires some force to pull it out of the mag- 
netic field even thouph the sheet 1s not ferromagnetic and 
does not touch the pole faces. Explain. 

A bar magnet ¡1s held above the floor and dropped 
(Fig. 21-51). In case (a), the 
magnet falls through a wire 
loop. In case (b), there 
1s nothing between the 
magnet and the floor. How 


wIll the speeds of the mag- Š 5 
nets compare? Explain. 
FIGURE 21-51 NÑ . NÑ 
Ouestion 18 and Nón 
MisConceptual Ỷ 9P | 
Ouestion 5. (a) (b) 


MisConceptual Questions 


A coil rests in the plane of the page while a magnetic field 

1s đirected Into the page. A clockwise current is induced 

(a) when the magnetic field gets stronger. 

(b) when the size of the coil decreases. 

(c) when the coiïl is moved sideways across the page. 

(đ) when the magnetic field ¡s tilted so 1t 1s no longer 
perpendicular to the page. 


. A wire loop moves at constant velocity without rofation 


through a constant magnetic field. 'The induced current in 

the loop wIll be 

(2a) clockwise. (ð) counterclockwise. (c) Zzero. 

(đ) We need to know the orIentation of the loop relative to 
the magnetic field. 


. A square loop moves to the ripht from an area where 


B =0, completely through a region containing a uniform 
magnetic field directed into the page (Fig. 21-52), and then 
outto  = 0 after point L. A current 1s nduced in the loop 
(2) only as It passes line J.  (đ) as 1t passes line J or line L. 
(B) only as It passes line K.  (e) as it passes all three lines. 
(c) only as It passes line L. 


LÌ- 
FIGURE 21-52 


MisConceptual 
Ouestion 3. J 
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*25. 


*26. 


*27. 


*28. 


+29, 


4. 


. A metal bar, pivoted at one end, oscillates freely In the 
absence of a magnetic field; but in a magnetic field, 1ts oscil- 
latons are quickly damped out. Explain. (This zmmagnefic 
damping 1s used in a number of practical devices.) 

An enclosed transformer has four wire leads coming from 
1t. How could you determine the ratio of turns on the two 
coils without taking the transformer apart? How would you 
know which wires paired with which? 

The use of higher-voltage lines in homes—say, 600V or 
1200 V——would reduce energy waste. Why are they not used? 
A transformer designed for a 120-V ac Input wIll often “burn 
out” ïf connected to a 120-V dc source. Explain. [Hnr: The 
resistance of the primary coil is usually very low.] 

How would you arrange two flat circular coils so that their 
mutual inductance was (2) greatest, (b) least (without sepa- 
rating them by a great distance)? Explain. 

Does the emf of the battery in Fig. 21—37 affect the time 
needed for the L# circuit to reach (2) a g1ven fraction of 1ts 
maximum possible current, (b) a given value of current? 
Explain. 

In an LÑ&C circuit, can the rms voltage across (2) an 
inductor, (ð) a capacitor, be greater than the rms voltage 
of the ac source? Explain. 

Describe briefly how the frequency of the source emf affects 
the impedance of (2) a pure resistance, (b) a pure capacitance, 
(c) a pure inductance, (đ) an LÑC circuit near resonance 
(R small), (e) an LRC circuit far from resonance ( small). 
Describe how to make the Iimpedance In an LC circuit a 
minimum. 

An LKC resonant circuit is often called an oscillafor 
circuit. What 1s 1t that oscillates? 

Is the ac current In the inductor always the same as the 
current In the resistor of an LC circuit? Explain. 


Two loops oŸ wire are moving In the vicinity of a very long 
straight wire carrying a steady current (Fig. 21-53). Find 
the đirection of the Induced current in each loop. 
For C: For D: 

(4) clockwise. (2) clockwise. 

() counterclockwise. (B) counterclockwise. 

(c) Zero. (c) zero. 

(đ) alternating (ae). (đ) alternating (ae). 


l 
œ®— 


D 


<\I 


FIGURE 21-53 
MisConceptual Question 4. 


TỶ there ¡ïs induced current in Question 18 (see Fig. 21—51), 
wouldn't that cost energy? Where would that enerøy come 
from in case (a)? 

(a) Induced current doesn”t need energy. 

(b) Energy conservation 1s violated. 

(c) There is less kinetic energy. 

(đ) There is more gravitational potential energy. 


Electromagnetic Induction and Faraday“s Law 


6. 


10. 


11. 


A nonconducting plastic hoop 1s held in a magnetic field 

that points out of the page (Fig. 21-54). As the strength 

Of the field increases, 

(a) an induced emf will be produced that causes a 
clockwise current. 

(B) an induced emf will be produced that causes a 
counterclockwise currenI. 

(c) an induced emf will be produced but no current. 

(đ) no induced emf will be produced. 


B 
©® @ 


FIGURE 21-54 ©@ 


MisConceptual Question 6. 


. A long straipht wire carrles a current ƒ as shown In 


Fig.21—55. A small loop oŸ wire resfs in the plane of the page. 

'WWhich of the following wIlÏ zoø/ induce a current in the loop? 

(2) Increasing the current in the straipht wire. 

(b) Moving the loop In a direction parallel to the wire. 

(c) Rotating the loop so that it becomes perpendicular to 
the plane of the page. 

(đ) Moving the loop farther from the wire without rotating 1t. 

(e) Moving the loop farther from the wire while rotating 1t. 


—>i 


©) 


FIGURE 21-55 
MisConceptual Question 7. 


._ TWwo separate but nearby coils are mounted along the same 


axIs. A power supply controls the flow of current in the first 

coil, and thus the magnetic field it produces. The second col 

1s connecfed only to an ammeter. The ammeter will indicafte 

that a current 1s flowing In the second coil 

(a) whenever a current flows in the first coil. 

(b) only when a steady current flows in the first coïl. 

(c) only when the current in the first coil changes. 

(đ) only If the second coïl is connected to the power supply 
by rewiring 1t to be in series with the first coIl. 


. When a generator is used to produce electric current, the 


resulting electric energy originates from which source? 
(a) The generator's magnetic field. 

(b) Whatever rotates the øenerator”s axÌe. 

(c) The resistance of the generator”s coil. 

(đ) Back emf. 

(c) Empty space. 


'Which of the following wIll øf increase a generator”s volt- 

age oufput? 

(a) Rotating the generator faster. 

(B) Increasing the area of the coil. 

(c) Rotating the magnetic field so that 1t is more closely 
parallel to the øenerator”s rotation aXIs. 

(đ) Increasing the magnetic field through the coil. 

(e) Inereasing the number of turns in the coïl. 


'WWhich of the following can a transformer accomplish? 
(z) Changing voltage but not current. 

(b) Changing current but not voltage. 

(c) Changing power. 

(4) Changing both current and voltage. 


12. 


13. 


14. 


15. 


A laptop computer”s charger unit converts 120V from a 
wall power outlet to the lower voltage required by the 
laptop. Inside the charger”s plastIc case 1s a điode or rectifler 
(discussed in Chapter 29) that changes ac to dc plus a 

(a) battery. 

(5) motor. 

(c) generator. 

(đ) transformer. 

(£) transmission line. 


'Which of the following statements about transformers Is false? 

(a) Transformers work using ac current or dc current. 

(ð) If the current in the secondary is hipher, the voltage 1s 
lower. 

(c) If the voltage in the secondary is hipher, the current 1s 
lower. 

(đ) Tf no flux 1s lost, the product of the voltage and the 
current 1s the same In the primary and secondary colls. 


A 10-V, 1.0-A dc current 1s run through a step-up trans- 
former that has 10 turns on the input side and 20 turns on 
the output side. What ¡s the output? 

(z) 10 V, 0.5 A. 

(5) 20V, 0.5 A. 

(c)20V,1A. 

(4)10V,1A. 

() 0V,0A. 


The alternating electric current at a wall outlet 1s most 

commonly produced by 

(4) a connection to rechargeable batteries. 

() a rotating coïl that is immersed in a magnetic field. 

(c) accelerating electrons between oppositely charged 
capacitor plates. 

(đ) using an electric motOr. 

(e) alternately heating and cooling a wire. 


*16. When you swipe a credit card, the machine sometimes fals 


*17. 


to read the card. What can you do differently? 

(a) Swipe the card more slowly so that the reader has more 
time to read the magnetIc strIpe. 

(5) Swipe the card more quickly so that the induced emf is 
higher. 

(c) Swipe the card more quickly so that the induced currents 
are reduced. 

(đ) Swipe the card more slowly so that the magnetic fields 
don't change so fast. 


'Which of the following 1s true about all series ac circuIts? 

(a) The voltage across any circuit element is a maximum 
when the current 1s a maximum 1n that circuit element. 

(b) The current at any point in the circuit 1s always the 
same as the current at any other point In the circuIt. 

(c) The current in the circuit is a maximum when the 
SOurce ac voltaøe 1s a maximum. 

(đ) Resistors, capacitors, and inductors can all change the 
phase of the current. 
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MisConceptual Ouestions 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


j Problems 


21-1 to 21-4 Faraday”s Law of Induction 


L 


® 


(D The magnetic flux through a coil of wire containing two 
loops changes at a constant rate from —58 Wb to +38 'Wb 
1n 0.34 s. What 1s the emf induced In the coil? 


. ( The north pole of the magnetin Eig.21—57 1s being inserted 


1nto the coil. In which direc- 
tion 1s the induced current 
flowing throuph resistor &? 


SP (( 


Explain. 
FIGURE 21-57 
Problem 2. R 
(IJ The rectangular loop in Fig. 21-58 is being pushed to 


the ripht, where the magnetic field points Inward. In what 
direction 1s the induced current? Explain your reasoning. 


<XXX 
FIGURE 21-58 † Ninh Hhioo 
Problem 3. xxxx 


. () Hf the solenoid in Eig. 21—59 1s being pulled away from 


the loop shown, ïn 
what direction 1s the 


induced current 1m Í  |/ÁAAAaa 
the loop? Explain. CS LQ„Ó) —— 
h `. 
FIGURE 21-59 


Problem 4. 


. (T) An 18.5-em-diameter loop of wire is Initially oriented 


perpendicular to a 1.5-T magnetic field. The loop 1s rotated 
so that 1s plane 1s parallel to the field direction in 0.20 s. 
What Is the average induced emf in the loop? 

TU) A fixed 10.8-cm-diameter wire coil is perpendicular to 
a magnetic field 0.48 T pointing up. In 0.16 s, the field is 
changed to 0.25T pointing down. What 1s the average 
1nduced emf in the coil? 


. I) A 16-em-diameter circular loop of wire 1s placed in a 


0.50-T magnetic field. (z) When the plane of the loop 1s 
perpendicular to the field lines, what 1s the magnetic flux 
through the loop? (5) The plane of the loop is rotated until 
1t makes a 42° angle with the field lines. What is the angle Ø 
in Eq. 21-1 for this situation? (c) What is the magnetic flux 
throuph the loop at this angle? 


. (H) (a) H the resistance of the resistor in Fig. 21—60 1s slowly 


1ncreased, what is the direction 
of the current induced in the 
small circular loop Inside the 
larger loop? (5) What would 
1t be If the small loop were I 
placed outside the larger one, 
to the lef(? Explain your 


anSWeTS. 
FIGURE 21-60 
Problem 8. VVVVY ] 

(H) The moving rod in Fig.21—11 is 12.0 em long and ïs pulled 


at a speed of 18.0 cm/s. If the magnetic field ¡s 0.800 T, 
calculate (2) the emf developed, and (0) the electric field 
felt by electrons In the rod. 
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10. (II A circular loop ¡n the plane of the paper lies in a 


0.65-T magnetic field pointing into the paper. The loop”s 
diameter changes from 20.0 cm to 6.0 cm in 0.50 s. What is 
(a) the direction of the induced current, (5) the magnitude 
of the average induced emf, and (c) the average induced 
current 1ƒ the coll resistance 1s 2.5 (2 


11. (II) What is the direction of the induced current in the circu- 


————>— Ï decreasing 


lar loop due to the current shown In each part of Fig.21—61? 
Explain why. 


l ¬ C) C) 1 decreasing 


(a) 


C) 


(b) 


———<———————- Ï Increasing 


© 


(c) (d) 
FIGURE 21-61 Problem 11. 


12. (II) A 600-turn solenoid, 25 em long, has a diameter of 


13 


14 


15 


2.5 cm. A 14-turn coïl is wound tightly around the center of 
the solenoid. If the current in the solenoid Increases uni- 
formly from 0 to 5.0 A in 0.60 s, what wIll be the induced emf 
1n the short coil during this time? 

(II) When a car drives through the Earths magnetic field, 
an emÝ is induced ïn I(s vertical SŠ5-cm-long radio antenna. 
If the Earth's field (5.0 x 10 ŸT) points north with a dip 
anple of 38”, what 1s the maximum emf induced In the 
antenna and which direction(s) will the car be moving to 
produce this maximum value? The car”s speed is 30.0 m/s on 
a hor1zonial road. 

(H) Part of a single rectangular loop of wire with dimensions 
shown In Fig. 21—62 1s situated Iinside a reglon of uniform 
magnetic field of 0.550 T:. The total resistance of the loop 
1s 0.230 Ó. Calculate the force required to pull the loop from 
the field (to the right) at a constant velocity of 3.10 m/s. 
Neglect gravIty. 


x x x x xi 
† x xỊx x x;, 
0350mx xỈx x xi F 
| x x|x x x' 
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FIGURE 21-62 Problem 14. 


(H) In order to make the rod of Fig.21—11a move to the ripht 
at speed 0%, you need to apply an external force on the rod 
to the right. (2) Explain and determine the magnitude of the 
required force. (5) What external power is needed to move 
the rod? (Do not confuse this external force on the rod with 
the upward force on the electrons shown ¡in Fig. 21—11b.) 


16. (1T) In Eig.21—11, the moving rod has a resistance of 0.25 Ó, 
and moves on rails 20.0 cm apart. The stationary U-shaped 
conductor has negligible resistance. When a force of0.350N 
1s applied to the rod, it moves to the ripht at a constant 
specd of 1.50 m/s. What is the magnetic field? 

17. (IIL In Hig.21—11, the rod moves with a speed of 1.6 m/s on 
rails 30.0 cm apart. The rod has a resistance of 2.5 Ó. The 
magnetic field 1s 0.35 ”T, and the resistance of the U-shaped 
conductor 1s 21.0 at a given instant. Calculate (z) the 
induced emf, (5) the current ¡in the U-shaped conductor, 
and (c) the external force needed to keep the rod”s velocIty 
constant at that instant. 

(HI) A 22.0-em-diameter coiïl consists of 30 turns of circular 

cOpper wire 2.6 mm in diameter. A uniform magnetic field, 

perpendicular to the plane of the coil, changes at a rate of 

§.65 x 10 T/s. Determine (a) the current in the loop, and 

(B) the rate at which thermal energy is produced. 

19. (III) The magnetic field perpendicular to a sinple 13.2-cm- 
diameter circular loop of copper wire decreases uniformly 
from 0.670 T to zero. If the wire 1s 2.25 mm 1n diameter, 
how much charge moves past a point in the coil during this 
Operation? 
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21-5 Generators 


20. (II) The generator of a car idling at 1100rpm produces 
127V. What will the output be at a rotation speed of 
2500 rpm, assuming nothing else changes? 

2í. (IH) A 550-loop circular armature coil with a diameter of 
8.0 cm rotates at 120 rev/s in a uniform magnetic field of 
strength 0.55T. (z) What is the rms voltage output of the 
generator? (b5) What would you do to the rotatlon fre- 
quency In order to double the rms voltage output? 

22. (II) A generator rotates at §5 Hz in a magnetic field of 
0.030 T: li has 950 turns and produces an rms voltage of 150V 
and an rms current of 70.0 A. (z) What ¡is the peak current 
produced? (b5) What is the area of each turn of the coil? 

23. (HI) A simple generator has a square armature 6.0 em on a 
side. The armature has 85 turns of 0.59-mm-diameter 
COpper wire and rotates In a 0.65-T magnetic field. The 
generator 1s used to power a lightbulb rated at 12.0 V and 
25.00W. At what rate should the generator rofate to 
provide 12.0 V to the bulb? Consider the resistance of the 
wire on the armature. 


21-6 Back EMF and Torque 


24. (U A motor has an armature resistance of 3.65 ©. If it draws 
8.20 A when running at full speed and connected to a 120-V 
line, how large 1s the back emf? 

25. () The back emf in a motor is 72V when operating at 
1800 rpm. What would be the back emf at 2300 rpm If the 
magnetdc field 1s unchanged? 

26. (II) What will be the current in the motor of Example 21—8 
1f the load causes It to run at half speed? 


21-7 Transformers 

[Assume 100% efficiency, unless stated otherwise. | 

27. (I) A transformer ¡is designed to change 117V ¡into 
13,500 V, and there are 148 turns in the primary coIl. How 
many turns are In the secondary coil? 

28. ()A transformer has 360 turns in the primary coïl and 120 
1n the secondary coïl. What kind of transformer 1s this, and 
by what factor does 1t change the voltage? By what factor 
does 1t change the current? 


29. ()A step-up transformer increases 25 V to 120 V. What is 
the current In the secondary coIl as compared to the prImary 
coil? 

30. (1) Neon signs require 12 kV for their operation. To operate 
from a 240-V line, what must be the ratio of secondary to 
primary turns of the transformer? What would the voltaøe 
oufput be 1f the transformer were connected In reverse? 

3í. (II) A modeT-train transformer plugs into 120-V ac and draws 
0.35 A while supplying 6.8 A to the train. (z) What voltage 
1S present across the tracks? () Is the transformer step-up 
or step-down? 

32. (II) The output voltage of a 95-W transformer ¡is 12 V, and 
the input current is 25 A. () Is this a step-up or a step-down 
transformer? (5) By what factor is the voltage multiplied? 

33. (II) A transformer has 330 primary turns and 1240 secondary 
turns. The Input voltage 1s 120 V and the ouftput current 1s 
15.0 A. What are the output voltage and input current? 

34. (II) If35 MW ofpower at 45 KV (rms) arrives at a town from 
a penerator via 4.6-O transmission lines, calculate (2) the 
emf at the øenerator end of the lines, and (b) the fraction 
of the power generated that 1s wasted in the lines. 

35. (II) For the transmission of electric power from power planf 

to home, as depicted in Eig. 21-25, where the electric power 

sent by the plant ¡s 100 kW, about how far away could the 

house be from the power plant before power loss 1s 50%? 

Assume the wires have a resistance per unit length of 

5 x 10*0/m. 

(IH) For the electric power transmission system shown in 

Eig. 21-25, what is the ratio Ns/M for (2) the step-up trans- 

former, (b) the step-down transformer next to the home? 

37. (HI) Suppose 2.0 MW 1s to arrive at a large shopping mall 

over two 0.100- lines. Estimate how much power Is saved 

1ƒ the voltage 1s stepped up from 120 V to 1200 V and then 

down again, rather than simply transmittring at 120 V. 

Assume the transformers are each 99% efficient. 

(HI) Design a dc transmission line that can transmit 925 MW 

of electricity 185 km with only a 2.5% loss. The wires are to 

be made of aluminum and the voltage 1s 660 kV. 


36 


38 


*21-10 Inductance 


#39. (1) If the current in a 160-mH coil changes steadily from 
25.0A to 10.0 AA in 350ms, what 1s the magnitude of the 
induced emf? 

*40. (1) What is the inductance of a coil if the coil produces an emf 
of 2.50 V when the current in 1t changes from —28.0 mA to 
+31.0 mA In 14.0 ms? 

#41. (1) Determine the inductance LL of a 0.60-m-long air-filled 
solenoid 2.9 em In diameter containing 8500 loops. 

*42. (1) How many turns of wire would be required to make a 
130-mH inductor out of a 30.0-cm-long air-filled solenoid 
with a diameter of 5.8 cm? 

#43. (II) An arr-filled cylindrical inductor has 2600 turns, and ïf is 
2.5 cm in diameter and 28.2 em long. (2) What ¡s its induc- 
tance? (5) How many turns would you need to generate the 
same inducfanece 1ƒ the core were Iron-filled Instead? Assume 
the magnetic permeability of iron 1s about 1200 times that of 
Íree space. 

#44. (H) A coil has 2.25-OÓ resistance and 112-mH inductance. 
If the current is 3.00A and 1s increasing at a rate of 
3.80 A/s, what is the potential difference across the coil at 
this moment? 
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Problems 


*45. 


+46. 


(HI) A physics professor wants to demonstrate the large size 
of the henry unit. Ôn the outside of a 12-cm-diameter plastic 
hollow tube, she wants to wind an air-filled solenoid with 
self-inductance of 1.0 H using copper wire with a 0.81-mm 
điameter. The solenoid 1s to be tightly wound with each turn 
touching 1s neighbor (the wire has a thin Insulating layer 
on Ifs surface so the neiphboring turns are not In electrical 
contactf). How long will the plastic tube need to be and how 
many kilometers of copper wire wIll be required? What wIll 
be the resistance of this solenoid? 

(M) A long thin solenoid of length £ and cross-sectional 
area A contains M¡ closely packed turns of wire. Wrapped 
tightly around it is an Insulated coil of M; turns, Fig. 21—63. 


<< 


M 


)))) 


and calculate the 
mutual inductance. 


FIGURE 21-63 
Problem 46. l« 


coil 1 (the solenoid) 
)) 
\ 


passes through coIl 2, 
`—>—X_ 


>> 
c5, 


*21-11 Magnetic Energy Storage 


ke TỔ 


+48. 


+49. 


(D The magnetic field inside an air-filled solenoid 36 em 
long and 2.0 cm in diameter 1s 0.72 T. Approximately how 
much energy 1s stored ¡n this field? 

(II) At = 0, the current through a 45.0-mH inductor is 
50.0 mA and ïs increasing at the rate of 115 mA/s. What is 
the Initial energy stored In the inductor, and how long does 
1t take for the energy to Increase by a factor of 5.0 from the 
1nitial value? 

(II) Assuming the Earth's magnetic field averages about 
0.50 < 10T near Earth's surface, estimate the total enerey 
stored In this field in the first 10 km above Earth”s surface. 


*21-12 LR Circuit 


*5U. 


#51, 


k2 


*3, 


(I) It takes 2.56 ms for the current in an L® circuit to 
1ncrease from zero to 0.75 1s maximum value. Determine 
(a) the time constant of the circuit, (b) the resistance of the 
circuit If L = 31.0 mH. 

(H) How many time constants does It take for the 
potential difference across the resistor in an L#® circuit like 
that in Fig. 21—37 to drop to 2.5% of ifs original value, after 
the switch 1s moved to the upper position, removing Wọ from 
the circuit2 

(HT) Determine A7/Af at £ = 0 (when the battery is con- 
nected) for the LÑ circuit of Eig. 21-37 and show that ïf 
Ï continued to increase at this rate, it would reach 11s 
maximum value in one time constan(. 

(M) After how many time constants does the current in 
Fig. 21-37 reach within (2) 10%, (5) 1.0%, and (c) 0.1% of 
1ts maximum value? 


*21-13 AC Circuits and Reactance 


*Ss4. 
k=” 
*S6. 


k¬Ö 
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(ID What ¡1s the reactance of a 6.20-uEF capacitor at a 
frequenecy of (z) 60.0 Hz, (5) 1.00 MHz? 

(D At what frequency will a 32.0-mH inductor have a reac- 
tance of 660 Q2 

(D At what frequency will a 2.40-„EF capacitor have a 
reactance of 6.10 kQÒ? 

(IH) Calculate the reactance of, and rms current in, a 260-mH 
radio coil connected to a 240-V (rms) 10.0-KHz ac line. Ienore 
Tesistance. 


#58. (H) An inductance coil operates at 240V and 60.0Hz. It 


draws 12.2 A. What is the coil”s inductance? 


#59, (II) (a) What is the reactance of a well-insulated 0.030-E 


capacitor connected to a 2.0-kV (rms) 720-Hz line? (5) What 
wIll be the peak value of the current? 


*21-14 LRC Circuits 
#60. (II) For a 120-V rms 60-Hz voltage, an rms current of 70 mA. 


passing through the human body for 1.0s could be lethal. 
'What must be the Impedance of the body for this to occur? 


.„ (H)A 36-kO resistor is in series with a 55-mH inductor and 


an ac source. Calculate the impedance of the circuit 1f the 
source frequeney is (2z) 50 Hz, and (b) 3.0 < 10! Hz. 

qI) A 3.5-kO resistor and a 3.0-F capacitor are connected 
1n series fo an ac source. Calculate the impedance of the 
circuit ïf the source frequency is (2) 60 Hz, and (5) 60,000 Hz. 


(IH) Determine the resistance of a coil 1ƒ its impedance is 
235 Ô and 1(s reactance 1s 115 Ô. 


. (H) Determine the total impedance, phase angle, and rms 


current In an L#®C circuit connected to a 10.0-kHz, 
725-V (rms) source If L = 28.0mH, ® = 8.70kO, and 
C = 6250pE. 

(H) An ac voltage source ¡is connected in series with a 
1.0-F capacitor and a 650-Ô resistor. Ủsing a digital ac 
voltmeter, the amplitude of the voltaøge source 1s measured 
to be 4.0 V rms, while the voltapes across the resistor and 
across the capacitor are found to be 3.0 V rms and 2.7 V rms, 
respectively. Determine the frequency of the ac voltage 
source. Why 1s the voltaøe measured across the voltaøe source 
not equal to the sum of the voltages measured across the 
resIstor and across the capacitor? 


. (HT) (z) What ¡is the rms current in an L circuit when a 


60.0-Hz 120-V rms ac voltage 1s applied, where ® = 2.80 kÒ 
and L = 350mH? (0) What is the phase angle between 
voltase and current? (c) How much power 1s dissipated? 
(đ) What are the rms voltage readings across # and L? 


. (HI) (a) What ¡is the rms current in an #C circuit If 


R = 6.600kO, C = 1.80 E, and the rms applied voltage 1s 
120V at 60.0Hz? (5) What ¡s the phase angle between 
voltase and current? (c) What are the voltmeter readings 
across # and C? 


(MT) Suppose circuit B ¡in Eig. 21—42a consists Of a resis- 
tance ® = 5200. The filter capacitor has capacitance 
€ = 1.2 E. WII this capacitor act to eliminate 60-Hz ac 
but pass a high-frequency signal of frequency 6.0 kHz? To 
check this, determine the voltage drop across ® for a 
130-mV signal of frequency (z) 60 Hz; (5) 6.0 KHz. 


*21-15 Resonance in AC Circuits 
#69. (I) A 3500-pF capacitor 1s connected in series to a 55.0-H 


coil of resistance 4.00 Ò. What 1s the resonant frequency of 
this circuit2 


#70. (II) The variable capacitor in the tuner ofan AM radio has a 


capacitance of 2800 pF when the radio 1s tuned to a station 
at 580 kHz. (a) What must be the capacitance for a station at 
1600 kHz? (5) What is the inductance (assumed constant)? 


#71. (ID An ULRC circuit has L = 148mH and ® = 4.10. 


(a) What value must CC have to produce resonance at 
3600Hz? (0) What will be the maximum current at 
resonance If the peak external voltage 1s 150 V2 


Electromagnetic Induction and Faraday“s Law 


#72. (III) A resonant circuit using a 260-nE capacItOr 1s fO reSO- 


nate at 18.0 kHz. The air-core Inductor 1s to be a solenoid 
with closely packed coils made from 12.0m of insulated 
wire 1.1 mm in diameter. How many loops will the inductor 
contain? 


General Problems 


Mi 


(HI A 2200-pF capacitor is charged to 120V and then 
quickly connected to an Inductor. The frequency of oscilla- 
tion 1s observed to be 19 kHz. Determine (2) the inductance, 
(5) the peak value of the current, and (c) the maximum 
energy stored ¡in the magnetic field of the inductor. 


74. Suppose you are looking at two wire loops in the plane 


V1 


76. 


T1: 


78. 


79. 


80 


Of the page as shown in Hig. 21—64. When swiích S 1s closed 
in the left-hand coil, (a) what ¡s the direction of the induced 
current in the other loop? (b) What is the situation after 
a “long” time? (c) What ¡is the direction of the induced 
current in the right-hand loop 1f that loop 1s quickly pulled 
hor1zontally to the right? (đ) Suppose the right-hand loop 
also has a switch like the left-hand loop. The swifch in the 
left-hand loop has been closed a long time when the switch 
1n the right-hand loop 1s closed. What happens In this case? 
Explain each answer. 


S 


FIGURE 21-64 —" 


Problem 74. + — 


A square loop 24.0 cm on a side has a resistance of 6.10 Ó. 
It 1s Iinitially in a 0.665-T magnetic field, with its plane per- 
pendicular to B, but 1s removed from the field in 40.0 ms. 
Calculate the electric energy dissipated in this process. 

A high-intensity desk lamp 1s rated at 45W but requires 
only 12V. It contains a transformer that converts 120-V 
household voltage. (z) Is the transformer step-up or step- 
down? (b) What is the current in the secondary coil when 
the lamp is on? (c) What ¡is the current in the primary coil? 
(đ) What is the resistance of the bulb when on? 

A fTlashlight can be made that is powered by the induced 
current from a magnet moving throuph a coïl of wire. The 
coil and magnet are Inside a plastic tube that can be shaken 
causing the magnet to move back and forth through the 
coil. Assume the magnet has a maximum field strength of 
0.05 T1. Make reasonable assumptions and specIfy the size 
of the coil and the number of turns necessary to lipht a 
standard 1-watt, 3-V flashlight bulb. 

Conceptual Example 21—9 states that an overloaded moftor 
may burn out due to high currenfs. Suppose you have a 
blender with an Internal resistance of 3.0 Ó. (z) At 120 V, 
what ïs the Initial current through the blender? (b5) The 
blender Is rated at 2.0 A for continuous use. What 1s the back 
emf of the blender? (c) At what rate ïs heat dissipated in the 
blender during normal use? (2) If the blender Jams and stops 
turning, at what rate 1s heat dissipated In the motor coIls? 
Power 1s generated at 24 kV at a generating plant located 
56km from a town that requires 55MW of power at 
12 kV. Two transmission lines from the plant to the town 
each have a resistance of 0.100/km. What should the 
output voltage of the transformer at the generating plant be 
for an overall transmission efficiency of 98.5%, assuming 
a perfect transformer? 

The primary windings of a transformer which has an 88% 
cfficlency are connected to 110-V ac. The secondary 
windings are connected across a 2.4-Ó, 75-W Iiphtbulb. 
(z) Calculate the current through the primary windings of 
the transformer. (b) Calculate the ratio of the number 
Of primary windings of the transformer to the number of 
secondary windinss of the transformer. 
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A palr of power transmission lines each have a 0.95-0 
resistance and carry 740 A over 9.0 km. TỶ the rms input 
voltage is 42 kV, calculate (z) the voltage at the other end, 
() the power Input, (c) power loss in the lines, and (2) the 
poWer oufput. 


Two resistanceless rails rest 32 cm apart on a 6.0 ramp. 
They are Joined at the bottom by a 0.60-Ó resistor. At the 
top a copper bar of mass 0.040 kg (ignore Its resistance) is 
laid across the rails. Assuming a vertical 0.45-T magnetic 
field, what is the terminal (steady) velocity of the bar as ït 
slides frictionlessly down the ralls? 


Show that the power loss In transmission lines, |, is øIven 
by H,= (Pr? RL/V?, where Pr is the power transmitted to 
the user, W ¡s the delivered voltage, and #4 1s the resistance 
of the power lines. 


A coïl with 190 turns, a radius of 5.0 em, and a resistance of 
12 O surrounds a solenoid with 230 turns/cm and a radius 
of 4.5 cm (Fig. 21-65). The current in the solenoid changes 
at a consfant rate from 0 to 
2.0 A in 0.10s. Calculate the 
magniude and direction 
of the Iinduced current 
1n the outer coIl. 


FIGURE 21-65 
Problem 84. 


A certain electronic device needs to be protected against 
sudden surges In current. In particular, after the DOWeT 1s 
turned on, the current should rise no more than 7.5 mA In 
the first 120 s. The device has resistance 120 Ó and 1s 
designed to operate at 55 mA. How would you protect this 
device? 


A 35-turn 12.5-cm-diameter coïl is placed between the pole 
pleces of an electromagnet. When the electromagnet 1s 
turned on, the flux through the coil changes, inducing an 
emf. At what rate (in T/s) must the magnetic field change 
1ƒ the emf is to be 120 V? 


Calculate the peak output voltage of a simple øgenerator 
whose square armature windings are 6.60 em on a side; 
the armature contains 125 loops and rotates In a field of 
0.200 7T at a rate of 120 rev/s. 


Typical large values for electric and magnetic fields 
attained in laboratories are about 1.0 x 10!V/m and 
2.07T. () Determine the energy density for each field and 
compare. (b) What magnitude electric field would be 
needed to produce the same energy density as the 2.0-T 
magnetic field? 


Determine the inductance L of the primary of a transformer 
whose Input 1s 220 V at 60.0 Hz If the current drawn 1s 6.3 A. 
Assume no current in the secondary. 
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General Problems 


90. A 130-mH coil whose resistance 1s 15.8 Ô is connected to a 


capacitor € and a 1360-Hz source voltage. If the current 
and voltage are to be in phase, what value must C have? 


#9{. The wire of a tiphtly wound solenoid 1s unwound and 


used to make another tightly wound solenoid of twice the 
diameter. By what factor does the inductance change? 


+92, 


The Ó factor of a resonant ac circuit (Section 21—15) can 
be defined as the ratio of the voltage across the capacitor 
(or inductor) to the voltase across the resistor, at resonance. 
The larger the Ó factor, the sharper the resonance curve will 
be and the sharper the tuning. (2) Show that the Ó factor 
1s given by the equation @ = (1/R)VWL/C. (b) Ata reso- 
nant frequency ƒọ = 1.0MHz, what must be the values 
of U and RÑ to produce a Ó factor of 650? Assume that 
C = 0.010 E. 


j Search and Learn 


Í. (4) Sections 19—-7 and 21—9 discuss conditions when and 


where If 1s especially important to have øground fault circuIt 
Iinterrupters (GECIs) installed. What ¡s it about those places 
that makes “touching eround” especially risky? (b) Describe 
how a GFCTI works and compare to fuses and circuit breakers 
(see also Section 18—6). 


- While demonstrating Faraday”s law to her class, a physics 
professor inadvertently moves the gold ring on her finger 
{rom a location where a 0.68-T magnetic field points along 
her finger to a zero-field location in 45 ms. The 1.5-cm- 
diameter ring has a resistance and mass of 55 Ô and 15 ø, 
respectively. (z) Estimate the thermal energy produced in 
the ring due to the flow of induced current. (b5) Find the 
temperature rise of the ring, assuming all of the thermal 
energy produced øoes Into increasing the ring's temper- 
ature. The specific heat of gold 1s 129 J/kg-C°. 


. A small electric car overcomes a 250-N friction force when 
traveline 35 km/h. The electric motor ¡is powered by ten 
12-V batteries connected ïn serles and ¡is coupled directly 
to the wheels whose diameters are 58 cm. The 290 armafure 
coils are rectangular, 12 cm by 15 cm, and rotate in a 0.65-T 
magnetic field. (z) How much current does the motor draw 
to produce the required torque? (5) What is the back emf? 
(c) How much power is dissipated in the coils? (đ) What 
percent of the input power 1s used to drive the car? [Himi: 
Check Sections 6—10, 18-5, 20-9, 20—10, and 21~6.] 


‹ Explain the advantage of using ac rather than dc current 
when electric power needs to be transported long distances. 
(See Section 21—7.) 


ANSWERS TO EXERCISES 


A: (e). 
B: (4) Counterclockwise; (b) clockwise; (c) ZeTO; 
(đ) counterclockwise. 
C: Clockwise (conventional current counterclockwise). 
D: (2) Increase (briphter); (5) yes; resists more (counter 
torque). 
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A power line carrying a sinusoidally varying current with 
frequency ƒ = 60 Hz and peak value ?¿ = 155A runs at 
a heipht of 7.0m across a farmers land (Fig. 21-66). 
The farmer constructs a vertical 2.0-m-high 2000-turn 
rectangular wire coil below the power line. The farmer 
hopes to use the induced voltage In this coil to power 
120-V electrical equipment, which requires a sinusoidally 
varying voltage with frequency ƒ = 60 Hz and peak value 
Vẹ = 170 V. Estimate the length £ of the coil needed. Would 
this be stealing? [Hmí: Consider A over one-quarter of 
a cycle (sáp s). See Sections 20-5 and 18-7.] 


lạ = 155 A 
ƒ= 60Hz 
c————- 


FIGURE 21-66 Search and Learn 5. 


A ballistic galyanometer 1s a device that measures the total 
charge Q that passes throuph 1t In a short time. Ïf is con- 
nected to a search coil that measures Ö (also called a flip coi) 
which 1s a small coil with  turns, each of cross-sectional 
area 4A. The flip coil is placed in the magnetic field to be 
measured with 1s face perpendicular to the field. It ¡s then 
quickly rotated 180” about a diameter. Show that the total 
charge Ó that flows in the induced current during this 
short “flip” time 1s proportional to the magnetic field ZÖ. 
In particular, show that 

eR 

2NA 
where ® Is the total resistance of the circuit including the 
coil and ballistic galvanometer which measures charge Ó. 


10 turns. 

From Eq. 21—11b, the hipher the frequency the lower the 
reactance, so in (2) more high frequency current flows to 
circuit B. In (5) higher frequencies pass to ground whereas 
lower Írequencies pass more easily to ciIrcuit B. 


Electromagnetic Induction and Faraday“s Law 


'WIireless technology 1s all around us: 
radio and television, cell phones, 
wi-fi, Bluetooth, and all wireless 
communication. These devices work by 
electromagnetic waves traveling 
throuph space. Wireless devices are 
applications of Marconi's development 
of long-distance transmission of 
1nformation a century ago. 

In this photo we see the first 
humans to land on the Moon. In the 
background 1s a television camera 
that sent live moving images through 
empty space to Earth where 1t was 
shown live. 

W© will see In this Chapter that 
Maxwell predicted the existence of 
EM waves from his famous 
equations. Maxwell's equations 
themselves are a magnificent summary 
of electromagnetism. We will also 
see that EM waves carry energøy 
and momentum, and that light itself 
1s an electromagnetic wave. 


Electromagnetic Waves 


—Guess now!† 
Which of the following best describes the difference between radio waves and 
X-rays? 
X-rays are radiation whereas radio waves are electromagnetic waves. 
Both can be thought of as electromagnetic waves. They differ only in wave- 
length and frequency. 
X-rays are pure energy. Radio waves are made of fields, not energy. 
Radio waves come from electric currenfs In an antenna. X-rays are not related 
to electric charge. 
X-rays are made up of particles called photons whereas radio waves are 
oscillaflons 1n space. 


he culmination of electromagnetic theory 1n the nineteenth century was the 
prediction, and the experimental verification, that waves of electromagnetic 
fields could travel through space. This achievement opened a whole new 
world of communication: first the wireless telepraph, then radio and television, 
and more recently cell phones, remote-control devices, wi-fi, and Bluetooth. 
Most important was the spectacular prediction that light 1s an electromagnetic 
Wave. 
The theoretical prediction of electromagnetic waves was the work of the 
Scottish physicist James Clerk Maxwell (1831—1879; Fig.22—1), who unified, in one 
magnificent theory, all the phenomena of electricity and magnetism. 


CONTENTS 


22-1 Changing Electric Helds 
Produce Magnetic Fields; 
Maxwell's Equations 


22-2_ Production of 
Electromagnetic Waves 


22-3 Lipht as an Electromagnetic Wave 
and the ElectromagnetIc Spectrum 


22-4 Measuring the Speed of Light 
22-5 Energy1n EM Waves 


22-6 Momentum Transfer and 
Radiation Pressure 


22-7. Radio and Television; 
'WIireless CommunIication 


FIGURE 22-1 James Clerk Maxwell. 
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s51 thờ TH Electric Fields Produce 
Magnetic Fields; Maxwell's Equations 


The development of electromagnetic theory 1n the early part of the nineteenth 
century by Oersted, Ampère, and others was not actually done 1n terms of electric 
and magnetic fields. The idea of the fñield was introduced somewhat later by 
Faraday, and was not generally used until Maxwell showed that all electric and 
magnefic phenomena could be described using only four equations involving elec- 
tric and magnetic fields. These equations, known as Maxwell' equafions, are the 
basic equations for all electromagnetism. They are fundamental in the same sense 
that Newton”s three laws of motion and the law of universal gravitation are Íor 
mechanIcs. In a sense, they are even more fundamental, because they are consistent 
with the theory of relativity (Chapter 26), whereas Newfon”s laws are not. Because 
alI of electromagnetism 1s confained In this set of four equations, Maxwell's equa- 
tions are considered one of the great triumphs of the human mntellect. 

Although we will not present Maxwell's equations in mathematical form 
since they Involve calculus, we wIll summar1ze them here in words. They are: 


(1) a generalized form of CoulomB's law that relates electric field to 1s source, 
electric charge (= Gauss”s law, Section 16—12); 

(2) a similar law for the magnetic field, except that magnetic field lines are always 
continuous—they do not begin or end (as electric field lines do, on charges); 


(3) an electric field is produced by a changing magnetic field (Faraday”s law); 


(4) a magnetic field is produced by an electric current (Ampère”s law), or by a 
changing electric field. 


Law (3) is Faraday”s law (see Chapter 21, especially Section 21—4). The first part 
of law (4), that a magnetic field is produced by an electric current, was discovered by 
Oersted, and the mathematical relation is given by Ampère”s law (Section 20—8). 
But the second part of law (4) is an entirely new aspect predicted by Maxwell: 
Maxwell argued that 1ƒ a changing magnetic field produces an electric field, as 
given by Faradays law, then the reverse might be true as well: a changing electric 
field will produce a magnetic field. This was an hypofhesis by Maxwell. It 1s based 
on the 1dea OŸ sy#nefry 1n nature. Indeed, the size of the effect in mosf caSe€S 1S SO 
small that Maxwell recogn1zed 1t would be difficult to detect 1t experimentally. 


* Maxwells Fourth Equation (Ampère's Law Extended) 


To back up the 1dea that a changing electric field might produce a magnetic field, 
we use an Indirect areument that goes something like this. According to Ampère”s 
law (Section 20-8), > Bị A£ = mạ 1l. That is, divide any closed path you choose into 
short seements A#, multiply each segment by the parallel component of the mag- 
netic field Ö at that segment, and then sum all these products over the complete 
closed path. That sum will then equal mạ times the total current 7 that passes 
throuph a surface bounded by the path. When we applied Ampère”s law to the 
field around a straight wire (Section 20-8), we imagined the currenf as passing 
through the circular area enclosed by our circular loop. That area 1s the flat 
surface 1 shown In Fig. 22-2. However, we could just as well use the sack-shaped 
surface 2 In Eig. 22—2 as the surface for Ampère”s law because the same current ƒ 
pAsses throuph 1t. 


Closed 
path 


Surface 2 


FIGURE 22-2 Ampère's law 
applied to two different surfaces 
bounded by the same closed path. 


Surface l 
Ị 
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Now consider the closed path for the situation of Eig. 22—3 where a capacItOr 
1s being discharged. Ampère”s law works for surface 1 (current ï passes through 
surface 1), but it does not work for surface 2 because no current passes through 
surface 2. There 1s a magnetic field around the wire, so the left side of Ampère”s law 
1S not zero around the circular closed path; yet no current flows through sur- 
face 2, so the right side ¡s zero for surface 2. We seem to have a contradiction of 
Ampère”s law. There 1s a magnetic field present in EHig. 22-3, however, only 1f 
charge 1s flowing to or away from the capacitor plates. The changing charge on 
the plates means that the electric field between the plates is changing In time. 
Maxwell resolved the problem of no current through surface 2 in Fig. 22-3 by 
proposing that the changing electric field between the plates 1s eguialemf to an 
electric current. He called 1t a displacement currenf, ;. An ordinary current Ÿ is 
then called a “conduction current,” and Ampère”s law, as generalized by Maxwell, 
becomes 

>bl A = tu(Ï + lạ} 
Ampère”s law wIll now apply also for surface 2n Hg.22—3, where ïp refers to the 
changing electric field. 

Combining Eq. 17—7 for the charge on a capacitor, @ = CV, with Eq. 17-8, 
C =;A/4d, and with the magnitudes in Eq. 17-4a, V = Fđ, we can write 
Ø@ =CV= (sạA/d)(E4d) = eọAE. Then the current ïp; becomes 
Ao A®z 
ẤP — “TAp ` 
where ®; = A ¡1s the electric flux, defned ¡in analogy to magnetic flux 
(Section 21-2). Then, Ampère”s law becomes 


lb = 


A® 
SBỊAP = mại + tạeg——: (22-1) 


Af 


Thịs equation embodies Maxwell's idea that a magnetic field can be caused not 
only by a normal electric current, but also by a changing electric field or changing 
electric flux. 


22—2 Production of 
Electromagnetic Waves 


According to Maxwell, a magnetic field will be produced In empty space 1f there 1s 
a changing electric field. From this, Maxwell derived another startling conclusion. 
TỶ a changing magnetic field produces an electric field, that electric field 1s 1tself 
changing. This changing electric field wIll, in turn, produce a magnetic field, which 
wIll be changing, and so it too w1Ill produce a changing electric field; and so on. 
'When Maxwell worked with his equations, he found that the net result of these 
Iinteracting changing fields was a +0zue of electric and magnetic fields that can 
propagate (travel) through space! We now examine, in a simpliied way, how such 
elecfromagnefic waves can be produced. 

Consider two conducting rods that will serve as an “antenna” (Eig. 22-4a). 
Suppose these two rods are connected by a switch to the opposite terminals of a 
battery. When the switch 1s closed, the upper rod quickly becomes positively charged 
and the lower one negatively charged. Electric field lines are formed as Indicated 
by the lines in Eig. 22—-4b. While the charges are flowing, a current exists whose 
đirection 1s indicated by the black arrows. A magnetic field 1s therefore produced 
near the antenna. The magnetic field lines encircle the rod-like antenna and there- 
fore, in Fig.22-4, B points into the page (®) on the right and out of the page (©) 
on the left. Ñow we ask, how far out do these electric and magnetic fields extend? 
In the static case, the fields would extend outward indefnitely far. However, when 
the switch in Eig. 22—4 1s closed, the fields quickly appear nearby, but 1t takes time 
for them to reach distant points. Both electric and magnetic fields store energy, 
and this energy cannot be transferred to distant poinfs at infinite speed. 


SECTION22-2_ Production of Electromagnetic Waves 


Surface 2 


FIGURE 22-3 A capacitor 
discharging. A conduction currenf 
passes through surface 1, but no 
conducfion current passes through 
the sacklike surface 2. An extra term 
1s needed In Ampères law. 


Ampère% lau 
(general form) 


FIGURE 22-4 Fields produced by 
charge flowing Into conductors. It 
takes time for the E and B  fields to 
travel outward to distant points. The 
fields are shown to the right of the 
antenna, but they move out In all 
directions, symmetrically about the 
(vertical) antenna. 
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Surface Ï 


Now we look at the situation of Eig. 22—5, where our antenna 1s connected to 
an ac generator. In Eig. 22—5a, the connection has just been completed. Charge 
starfs building up, and fields form Just as In Fig. 22-4b. The + and — signs im 
Fig. 22—5a Indicate the net charge on each rod at a g1ven Instant. The black arrows 
indIicate the direction of the current. The electric field 1s represented by red lines 
1n the plane of the page; and the magnetic field, according to the right-hand rule, 
1s into (®) or out of (€) the page In blue. In Eig. 22-5b, the voltape of the ac 
generator has reversed In đirection; the current 1s reversed and the new magnetic 
field 1s mm the opposite đirection. Because the new fields have changed direction, 
the old lines fold back to connect up to some of the new lines and form closed 

&@ @ loops as shown.” The old fields, however, don't suddenly disappear; they are on 
therr way to distant points. Indeed, because a changing magnetic field produces 
an electric field, and a changing electric field produces a magnetic field, this 
combination of changing electric and magnetic fields moving outward 1s self- 
supporting, no longer depending on the antenna charges. 

The fields not far from the antenna, referred to as the ø0ear field, become 


&⁄@ quite complicated, but we are not so 1nterested In them. We are mainly Interested 

= in the fields far from the antenna (they are generally what we detect), which we 

(b) refer to as the radiafion field. The electric field lines form loops, as shown 1n 
HGURE 22-5 Sequence showing Fig.22-6a, and continue moving outward. The magnetic field lines also form closed 
electric and magnetic fields that loops, but are not shown because they are perpendicular to the page. Althouph the 
spread outward from oscillating lines are shown only on the ripht of the source, fields also travel in other directions. 


charges on two conductors (the 
antenna) connected to an ac source 
(see the text). 


The field strengths are greatest In directions perpendicular to the oscillating 
charges; and they drop to zero along the direction of oscillation——above and below 
the antenna In Fig. 22-6a. 


FIGURE 22-6 (a) The radiation fields (far from the antenna) 
produced by a sinusoidal signal on the antenna. The red 
closed loops represent electric field lines. The magnetic field 
lines, perpendicular to the page and represented by blue ® ä @ —> of TR) @® 
and ©, also form closed loops. (b) Very far from the antenna, ñgÍ th 
the wave fronts (field lines) are essentially flat over a falrly 

large area, and are referred to as ?Ì4ne 0a0es. (a) 


The magnitudes of both E and B in the radiation field are found to decrease 
with distance as 1/r. (Compare this to the static electric field given by Coulomb”s 
law where E decreases as 1/z7.) The energy carried by the electromagnetic wave 
1S proportional (as for any wave, Chapter 11) to the square of the amplitude, 
E2 or Ö?, as will be discussed further in Section 22—7, so the 1nfensity of the wave 
decreases as 1/z”. Thus the energy carried by EM waves follows the inyerse 
square law Just as for sound waves (Eqs. 11—16). 

Several things about the radiation field can be noted from Hg.22~6. Elirst, he 
electric and magnetic fields at any poimt are perpendicular to each other, and to the 
directon öƒ t0aue trauel. Second, we can see that the fields alternate 1n direction 
(B is into the page at some points and out of the page at others; Ê points up at 
some poiïnts and down at others). Thus, the field strengths vary from a maxinum 
1n one direction, to zero, to a maximum In the other đdirection. The electric and 
magnetic fields are “in phase”: that 1s, they each are zero at the same points and 
reach their maxima at the same points 1n space. Finally, very far from the antenna 
(Eig. 22-6b) the fñield lines are quite flat over a reasonably large area, and the 
waves are referred to as pÏane waves. 


PWe are considering waves traveling through empty space. There are no charges for lines of E to start 
or stop on, so they form closed loops. Magnetic field lines always form closed loops. 
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Tf the source voltage varles sinusoidally, then the electric and magnetic field 
strengths In the radiation field wIll also vary sinusoidally. The sinusoidal character 
Of the waves 1s shown 1n Fig. 22—7, which displays the field directions and magri- 
tudes plotted as a function of position along the direction of wave travel. Notice 
that B and E are perpendicular to each other and to the đirection of wave travel. 

We call these waves electromagnetic (EM) waves. They are fr47s0erse Waves 
because the amplitude 1s perpendicular to the direction of wave travel. However, 
EM waves are always waves of ƒfelds, not of matter (like waves on wafer or a 
rope). Because they are fields, EM waves can propagate in empty space. 

As we have seen, EM waves are produced by electric charges that are oscil- 
lating, and hence are undergoing acceleration. In fact, we can say in general that 

accelerafing electric charges give rise fo elec(romagnefic waves. 

Maxwell derived a formula for the speed of EM waves: 
` .- 22-2 
Đ € rà (22-2) 


where c 1s the special symbol for the speed of electromagnetic waves 1n empty 
space, and # and Ö are the magnitudes of electric and magnetic fields at the same 
point In space. More specifically, it was also shown that 


c= Ti [speed of EM waves| (22-3) 
'When Maxwell put in the values for eo and ạ, he found 
— 1 — 1 
Vsomo — \/{(§85 x 10C?/N-m?(4z x 107N-s2/C?) 


which is exactly equal to the measured speed of light in vacuum (Section 22-4). 


c 


EXERCISEA_ At a particular insfant in time, a wave has ifs electric field pointing north 
and I1ts magnetic field pointing up. In which direction is the wave traveling? (z) South, 
(b) west, (c) east, (4) down, (e) not enough information. [See Fig. 22—7.] 


22—3 Lipht as an Electromagnetic Wave 
and the Electromagnetic Spectrum 


Maxwell's prediction that EM waves should exist was startling. Equally remarkable 
was the speed at which EM waves were predicted to travel—3.00 x 103m/s, 
the same as the measured speed of light. 

Light had been shown some 60 years before Maxwell's work to behave like 
a wave (we II discuss this in Chapter 24). But nobody knew what kind of wave 1t 
was. What 1s 1t that 1s oscillating mm a light wave? Maxwell, on the basis of the 
calculated speed of EM waves, argued that light must be an electromagnetic wave. 
Thịs idea soon came to be generally accepted by sclentists, but not fully until 
after EM waves were experimentally detected. EM waves were first generated 
and detected experimentally by Heinrich Hertz (1857-1894) in 1887, eight years 
after Maxwell's death. Hertz used a spark-gap apparatus in which charge was 
made to rush back and forth for a short time, generafing waves whose Írequency 
was about 10? Hz. He detected them some distance away using a loop of wire in 
which an emf was induced when a changing magnetic field passed throuph. 


Of wave 


E 


FIGURE 22-7 Electric and 
magnetic field strengths In an 
electromagnetic wave. E and B are 
at ripht angles to each other. The 
enfire pattern moves In a direction 
perpendicular to both E and B. 


= 3.00 x 10m/s, 
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These waves were later shown to travel at the speed of light, 3.00 x 10°m/s, 
and to exhibit all the characteristics of lipht such as reflection, refraction, and 
Iinterference. The only difference was that they were not visible. Hertz's experiment 
was a strong confirmation of Maxwell's theory. 

The wavelengths of visible light were measured in the first decade of the nine- 
teenth century, long before anyone Imagined that light was an electromagnetic 
wave. The wavelengths were found to lie between 4.0 < 10 7m and 7.5 x 10 ”m, 
or 400nm to 750nm (1nm = 10 ”m). The frequencies of visible light can be 
found using Eq. 11—12, which we rewrite here: 


c = Àƒ, (22-4) 


where ƒand À are the frequency and wavelength, respectively, of the wave. Here, 
c is the speed of light, 3.00 < 10Ÿ m/S; it gets the special symbol e because of its 
universality for all EM waves In free space. Equation 22-4 tells us that the 
frequencies of visible light are between 4.0 x 10!“Hz and 7.5 x 10!!Hz. (Recall 
that 1Hz = 1 cycle per second = 1s Ì. 

But visible light 1s only one kind of EM wave. As we have seen, Hertz 
produced EM waves of much lower frequency, about 10” Hz. These are now called 
radio waves, because frequencIes In this range are used to transmit radio and ”V 
sipnals. Electromagnetic waves, or EM radiation as we sometimes call it, have 
been produced or detected over a wide range of frequencies. They are usually 
categor1zed as shown mm Eig. 22—8, which is known as the elecftromagnefic specfrum. 


'Wavelength (m) 
3m 3x10m 3x10-Šm 3x10-!m 


3x10m 


FIGURE 22-8 
Electromagnetic spectrum. 
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106 
Frequency (Hz) 


Visible light 


1010 


108 1012 1012 1016 1018 1020 


À=7.5x 107m 4.0x 107m 


=4x101⁄4H đó : 1. 1012H 
J^ TH. LÊ Visible light „ ỹ 


Radio waves and microwaves can be produced In the laboratory using elec- 
tronic equipment (Eig.22—5). Hipher-frequency waves are very difficult to produce 
electronically. These and other types of EM waves are produced In natural processes, 
as emission from atoms, molecules, and nuclei (more on this later). EM waves can be 
produced by the acceleration of electrons or other charged particles, such as 
electrons in the antenna of Fig. 22-5. X-rays have very short wavelengths 
(and very high frequencies), and they are produced (Chapters 25 and 28) when 
fast-moving electrons are rapidly decelerated upon striking a metal target. Even 
the visible light emitted by an ordinary incandescent bulb 1s due to electrons 
undergoing acceleration within the hot filament. 


EXERCISE B Return to the Chapter-Opening Question, page 625, and answer It again 
now. Try to explain why you may have answered differently the first time. 


W© will meet various types of EM waves later. However, 1t 1s worth mentioning 
here that mfrared (IR) radiation (EM waves whose Í[requency 1s just less than that 
of visible lighf) 1s mainly responsible for the heating effect of the Sun. The Sun 
emifs not only visible light but substantial amounts of IR and UV (ultraviolet) as 
well. The molecules of our skin tend to “resonate” at Infrared ÍrequencIes, sO 1f 1S 
these that are preferentially absorbed and thus warm us. We humans experlence 
EM waves differently depending on their wavelengths: Qur eyes detect wavelengths 
between about4 x 107m and 7.5 x 10ˆ”m (visible light), whereas our skin detects 
longer wavelengths (IR). Many EM wavelengths we don't detect directly at all. 


Light and other electromagnetic waves travel at a speed of 3 x 10Ÿm/s. &® CAUTION 
Compare this to sound, which travels (see Chapter 12) at a speed of about 300 m/s Sound and EM tuaues 
in air, a million times slower; or to typical freeway speeds of a car, 30 m/s (100 km/h, are different 
or 60 mi/h), 10 million times slower than lipht. EM waves differ from sound waves 
in another big way: sound waves travel in a medium such as air, and involve 
motion of air molecules; EM waves do not involve any material——only fields, and 
they can travel 1n empty space. 


EXAMPLE 22-1 | Wavelengths of EM waves. Calculate the wavelength 
(4) of a 60-Hz EM wave, (b) of a 93.3-MHz FM radio wave, and (c) of a beam 
of visible red light from a laser at frequency 4.74 x 10! Hz. 


APPROACH All of these waves are electromagnetic waves, so their speed 1s 
c = 3.00 x 10Ẻ®m/s. We solve for À in Eq.22-4: À = c/ƒ. 


SOLUTION (4) ` 


C 
À = = = 5.0 105m, 
ƒ 60s † 


or 5000 km. 60 Hz 1s the frequency of ac current in the United States, and, as we 
see here, one wavelensgth stretches all the way across the continental USA. 


.00 x 10Ẻ 

(b) `. 3.00 x 10m/s _ S35 m. 
933 x 10°g1 

The length of an EM radio antenna is often about half this (3À), or 13m. 
3.00 x 10 

() ÀA= HS _ 633 x 107m (= 633nm). 


4.74 x 104s"1 


EXERCISE € What are the frequencies of (z) an 80-m-wavelength radio wave, and 
(b) an X-ray of wavelength 5.5 < 10”! m? 


EXAMPLE 22-2 | ESTIMATE | Cell phone antenna. The antenna of a cell 


phone ¡s often ‡ wavelength long. A particular cell phone has an 8.5-cm-long 
straight rod for its antenna. Estimate the operating frequency of this phone. 


APPROACH The basic equation relatineg wave speed, wavelenegth, and frequency 
1S c = Àƒ; the wavelength À equals four times the antenna's length. 


SOLUTION The antenna is ¿À long, so À = 4(8.5 em) = 34cm = 0.34m. Then 
ƒ= c/À = (3.0 x 10°m/s)/(0.34m) = 8.8 x 108Hz = 880 MHz. 

NOTE Radio antennas are not always straipht conductors. The conductor may 
be a round loop to save space. See Fig.22—18b. 


EXERGISE D How long should a ¿-À antenna be for an aircraft radio operating at 
165 MHz? 


Electromagnetic waves can travel along transmission lines as well as in empty 
space. When a source 0 em is connected to a transmission line——be 1t two parallel 
wires or a coaxial cable (Eig.22—9)——the electric field within the wire 1s not set up 
1mmediately at all points along the wires. Thĩs 1s based on the same argumentwe  FIGURE 22-9 Coaxial cable. 
used In Section 22-2 with reference to Hig. 22—5. Indeed, 1t can be shown that 1f 
the wires are separated by empty space or air, the electrical signal travels along the 
wires at the speed c = 3.0 x 10Šm/s. For example, when you flip a light switch, 
the light actually goes on a tiny fraction of a second later. [Ý the wires are in a medium 
whose electric permiffivity 1s e and magnetic permeability 1s  (Sections 17-8 and 
20—12, respectively), the speed 1s not given by Eq. 22-3, but by 


Instead. 


SECTION 22-3 Light as an Electromagnetic Wave and the Electromagnetic Spectum 63† 


EXAMPLE 22-3 | ESTIMATE | Phone call time lag. You make a telephone 
call from New York to a friend in London. Estimate how long 1t will take the 


electrical signal generated by your voice to reach London, assuming the signal 
1S (đ) carried on a telephone cable under the Atlantic Ocean, and (0) sent via 
satellite 36,000 km above the ocean. Would there be a noticeable delay in either 
case? 


APPROACH The signal is carried on a telephone wire or in the air via satellite. 
In either case 1t 1s an electromagnetic wave. Electronics as well as the wlre Or 
cable slow things down, but as a rouph estimate we take the speed to be 
c= 3.0 x 10°m/s. 

SOLUTION The distance from New York to London is about 5000 km. 

(a) The time delay via the cable is £ = đ/c + (5 x 10°m)/(3.0 x 10°m/s) = 
0.017 s. 

(b) Via satellite the time would be longer because communications satellites, 
which are usually geosynchronous (Example 5-12), move at a heipht of 
36,000 km. The signal would have to go up to the satellite and back down, or 
about 72,000 km. The actual distance the signal would travel would be a little 
more than this as the sipnal would go up and down on a diagonal (5000 km 
New York to London, small compared to the distance up to the satellite). Thus 
f = đ/c (7.2 x 10”m)/(3 x 10Ẻm/s) + 0.24s, one way. Both directions 3 s. 
NOTE_ When the signal travels via the underwater cable, there is only a hint of a 
delay and conversatlons are fairly normal. When the signal 1s sent vĩa satellite, the 
delay ¿s noticeable. The length of time between the end of when you speak and 
your friend receives 1t and replies, and then you hear the reply, would be about 
a half second beyond the normal time 1n a conversation, as we Just calculated. 
Thịs 1s enouph to be noficeable, and you have to adjust for 1t so you don't start 
talking again while your friend”s reply 1s on the way back to you. 


EXERCISE E TỶ you are on the phone via satellite to someone only 100 km away, would 
you nofice the same effect discussed in the NOTIE above? 


EXERCISE F If your voice traveled as a sound wave, how long would ¡it take to øo from 
New York to London? 


22-4 Measuring the Speed of Light 


Galileo attempted to measure the speed of light by trying to measure the time 
required for light to travel a known distance between two hilltops. He stationed 
an assistant on one hilltop and himself on another, and ordered the assistant to 
lift the cover from a lamp the Instant he saw a flash from Galileo”s lamp. Galileo 
measured the time between the flash of his lamp and when he received the light 
from his assistanf's lamp. The time was so short that Galileo concluded 1t merely 
represented human reaction time, and that the speed of light must be extremely 
hiph. 

The fñirst successful determination that the speed of light 1s fñinite was made 
by the Danish astronomer Ole Roemer (1644-1710). Roemer had noted that the 
carefully measured orbital period of lo, a moon of Jupiter with an average period 
of 42.5 h, varied slightly, depending on the relative position of Earth and Jupiter. 
He attributed this variation In the apparent period to the change 1n distance 
between the Earth and Jupiter during one of Io's periods, and the time 1t took 
light to travel the extra distance. Roemer concluded that the speed of lipht— 
though øreat—Is finite. 

Since then a number of techniques have been used to measure the speed of 
lipht. Among the most Important were those carried out by the American Albert A. 
Michelson (1852—1931). Michelson used the rotating mirror apparatus diasrammed 
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1n Fig. 22—10 for a serles of high-precision experimenfts carried out from 1880 to 
the 1920s. Light from a source would hit one face of a rotating eight-sided mITrOr. 
The reflected lhght traveled to a stationary mirror a large distance away and back 
agamn as shown. TỶ the rotating mirror was turning at Just the right rate, the return- 
1nø beam of lght would reflect from one face of the mirror Into a small telescope 
through which the observer looked. If the speed of rotatlon was only slightly 
different, the beam would be deflected to one side and would not be seen by the 
observer. From the required speed of the rotating mirror and the known distance 
to the stationary mirror, the speed of light could be calculated. In the 1920s, 
Michelson set up the rotating mirror on the top of Mt. Wilson 1n southern California 
and the stationary mirror on Mt. Baldy (Mt. San Antonmio) 35 km away. He later 
measured the speed of light in vacuum using a long evacuated tube. 
Today the speed of light, c, in vacuum 1s taken as 


c = 2.99792458 x 108m/s, 


and 1s đeƒfined to be this value. This means that the standard for length, the meter, 
1s no longer defined separately. Instead, as we noted In Section 1—5, the meter 1s 
now formally defined as the distance light travels in vacuum in 1/299,792,458 of 
a second. 

We usually round off c to 


c = 3.00 x 10Ẻm/s 


when extremely precise results are not required. In aïr, the speed 1s only slightly 
less. 


22-5 Energy in EM Waves 


Electromagnetic waves carry energy from one region of space to another. This 
enerøy 1s associated with the moving electric and magnetic fields. In Section 17-9, 
we saw that the energy densIty 0 9 / m) stored in an electric field Eis w; = eo? 
(Eq. 17-11). The energy density stored in a magnetic field Ö, as we discussed In 
Section 21—11, is given by #; = ÿ B?/ạ (Eq. 21-10). Thus, the total energy stored 
per unit volume 1n a reglon of space where there 1s an electromagnetic Wave 1s 


.. (22-5) 


In this equation, # and Ö represent the electric and magnetic field strengths of 
the wave at any Instant in a small region of space. We can write Eq. 22-5 im 
terms of the # field only using Eqs.22-2 (B = Ƒ/c) and 22-3 (c = 1/W⁄€gạ) to 
obfain : 
1 1 €oọ E 
In 2 0E? + .. = cgÈ2 (22-6a) 
Note here that the energy density associated with the B field equals that due to 
the # field, and each contributes half to the total energy. We can also write the 
energy density in terms of the Ö field only: 


Pˆ 
U.= tu .= gi Ð = › (22-ób) 
Họ 
OTr 1n one term containing both # and Ö, 
lx EcB €p kFB 
uU = € = cgÈcB = ——— 
: ' V.€o mo 
OT 
€0 
lu = —ÈB. (22-6c) 
Họ 


Equations 22~6 give the energy density of EM waves in any reglon of space at 
any Instant. 


A Observer 


Eight-sided 
rofating 
THITOF 


Light 
SOUrce 
(Mt. Wilson) 


l« 35 km 


Sftationary 
THITrOT 


(Mt. Baldy) 


FIGURE 22-10 Michelson”s speed- 


of-light apparatus (not to scale). 
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FIGURE 22-11 Electromagnetic 
wave carrying energy through area A. 


Â*CAUTION 
E.and B haue 0ery different 
Đalues (due to ho+0 unifs are defined), 
but E. and B comtribute equal energy 


là) 


The energy a wave transports per unit time per unif area 1s the intensify !, as 
defined in Sections 11—~9 and 12-2.” The units of Ƒ are W/m. The energy AÙ is 
the energy density (Eq. 22-6a) times the volume V. Hence the energy passing 
throupgh an area 4A in a time A7 (see Fig. 22-11) Is 


AU = uAV = (u)(AAx) = (egE?)(Ac At) 


because Ax = c Aí. Therefore, the magnitude of the intensity (energy per unit area 
per time Af, or pOWer per unit area) 1s 


AU (<oE”XAc Af) 


]= = = J0) 
AAt AAt là 
From Eqs. 22-2 and 22—3, this can also be wriftten 
EB 
Ï =gVVẾ =- BH (22-7) 
Họ Họ 


We can also find the aerage infensify over an extended period of time, 1ƒ # and 
are sinusoidal. Then E = F/2, just as for electric currents and voltages, 
Section 18—7, Eqs. 18-8. Thus 


= 1 1ec tụ Bọ 
Ï = -tucÏ; = B = , 22-8 
2soeBÏ = TC mi (22-8) 
Here # and Öụ are the maximum values of # and B. We can also wrIte 
I = Tìms Đìms ¬ 
0U) 


where #¿y and B„„s are the rms values (ng = V2 = Eụ V7. and 
B„„= MP = B/V⁄2) 


E and B from the Sun. Radiation from the Sun reaches 
the Earth (above the atmosphere) with an intensity of about 1350 W/m” = 
1350 J/s-m”. Assume that this is a single EM wave, and calculate the maximum 
values of # and Ö. 


APPROACH VWe solve Eq. 22-8 ( = 3egcEì) for Fjÿ in terms of 7 and use 
I = 13501/s-m. 


SOLUTION œ = 22L = ' 2(1350 J/s- m?) 
: Sạc (S.85 x 10”C?/N-m?)(3.00 < 108 m/s) 


= 1.01 x 10V/m. 
From Eq.22-2, B = EF/c, so 
Eọ 1.01 x 10?V/m 
c 3.00 10m/s 
NOTE Although Ö has a small numerical value compared to E (because of the 


way the different units for E and Ö are defined), 8 contributes the same energy 
to the wave as  does, as we saw earlIer. 


Bạ = = 3.37 x 10T. 


?The intensity 7 for EM waves is often called the Poynfing vector and given the symbol §. Its direction 
1s that in which the energy 1s being transported, which 1s the direction the wave 1s traveling, and Its 
magnitude is the intensity (S = 7). 
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22-6 Momentum Transfer and 
Radiation Pressure 


TỶ electromagnetic waves carry energy, then we would expect them to also carry 
linear momentum. When an electromagnetic wave encounfters the surface of an 
obJect, a force will be exerted on the surface as a result of the momentum trans- 
fer (F = Ap/Af) just as when a moving object strikes a surface. The force per 
unit area exerted by the waves 1s called radiafion pressure, and 1s existence Wwas 
predicted by Maxwell. He showed that 1ƒ a beam of EM radiation (lipht, for 
example) 1s completely absorbed by an object, then the momentum transferred Is 


A radiation 
Ap = `. fully (22-9a) 
6 absorbed 


where A Ù ¡s the energy absorbed by the object in a time Aí and c is the speed of 
light. I£ instead, the radiation ¡s fully reflected (suppose the object is a mirror), then 
the momentum transferred 1s twice as øreat, Just as when a ball bounces elastically 
Ooff a surface: 


2AU radiation 
Ap = : fully (22-9b) 
6 reflected 


TỶ a surface absorbs some of the enersy, and reflects some of it, then Áp = a AU/c, 
where z has a value between 1 and 2. 

Using Newtons second law we can calculate the force and the pressure 
exerted by EM radiation on an obJect. The force # 1s øIven by 
Ap 
tìm 
The radiation pressure ? (assuming full absorption) is given by (see Eq. 22—9a) 
F _ 1Áp - 1 AU 
A AAt  AcAt. 
We discussed in Section 22—5 that the average intensity 7 is defined as energy per 
unf time per unIt area: 


F_ = 


P= 


~_ AU 
AAí 
Hence the radiation pressure 1s 
"-: fully 
SA (n= LÙN) 
TỶ the light is fully reflected, the radiation pressure 1s twice as great (Eq. 22—9b): 
_ 2I fully 
XS ôm (05 ÔN) 


EXAMPLE 22-5 ' ESTIMATE | Solar pressure. Radiation from the Sun that 
reaches the Earth”s surface (after passing through the atmosphere) transports 
energy at a rate of about 1000 W/m. Estimate the pressure and force exerted 
by the Sun on your oufstretched hand. 
APPROACH The radiation is partially reflected and partially absorbed, so let 
us estimate simply P = !/c. 

I _ 1000W/m? 
SOLUTION P + ~ = /"_ „3x 105N/m 

C 3 x 10m/s 
An estimate of the area oŸ your outstretched hand might be about 10 cm by 
20cm, so A + 0.02 m”. Then the force is 

FƑ = PA x (3x10N/m?(002m”) x 6x 10N. 

NOTE These numbers are tiny. The force of gravity on your hand, for compari- 
son, is maybe a half pound, or with  = 0.2 kg, mg % (0.2 kg)(9.8m/s”) ~ 2N. 
The radiation pressure on your hand 1s Imperceptible compared to øTavIty. 
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EXAMPLE 22-6 | ESTIMATE | A solar sail. Proposals have been made to use 
the radiation pressure from the Sun to help propel spacecraft around the solar 


system. (2z) About how much force would be applied on a 1km x 1km highly 
reflective sail when about the same distance from the Sun as the Earth 1s? 
(b) By how much would this increase the speed of a 5000-kg spacecraft in one year? 
(c) If the spacecraft started from rest, about how far would it travel im a year? 


APPROACH (a) Pressure ? is force per unit area, so  = PA. We use the estimate 
of Example 22-5, doubling it for a reflecting surface P = 21/c. (b) We find the 
acceleration from Newton?s second law, and assume If 1s constant, and then find 
the speed from ø = %œ; + aí. (c) The distance traveled is given by x = 547. 


SOLUTION (z) Doubling the result of Example 22-5, we get a solar pressure 
that is about 2//c + 10ŠN/m, rounding off. Then the force is Ƒ + PA = 
(10 5NÑ/m?)(10°m)(10°m)  10N. 

(b) The acceleration is a % #/m % (10N)/(5000 kg) + 2 x 10”m/s“. One 
year has (365 days)(24 h/day)(3600 s/h) + 3 x 107s. The speed increase is 
0 — tạ = af (2 x 10*m/s”)(3 x 107s) 6 x 10°m/s (+ 200,000 km/h!). 
(c) Starting from rest, this acceleration would result in a distance traveled of 
about đ = 3a? % ¿(2 x 10 *m/s?)(3 x 107s)? ~ 10m ina year, about seven 
times the Sun-Earth distance. This result would apply 1f the spacecraft was far 
from the Earth so the Earth”s gravitational force 1s small compared to 10 N. 


NOTE A large sail providing a small force over a long time could result im a lot 
of motion. [Gravity due to the Sun and planets has been ignored, but in reality 
would have to be considered.] 


Although you cannot directly feel the effects of radiatlon pressure, the 
phenomenon 1s quite dramatic when applied to atoms 1rradiated by a fñinely 
focused laser beam. An atom has a mass on the order of 10”? kg, and a laser 
beam can deliver energy at a rate of 1000 W/mể. This is the same intensity used in 
Example 22-5, but here a radiation pressure of 105 ÑN/m” would be very signif- 

@® PHYSICS APPLIED icantona molecule whose mass might be 10” to 10” kg. It is possible to move 
Opiicalfaueezers atoms and molecules around by steering them with a laser beam, In a device 
(owe ccllparís, called optical fweezers. Optical tweezers have some remarkable applications. 
O4 elasfi€Í/*)ˆˆ 'They are of great interest to biologists, especially since optical tweezers can manip- 
ulate live microorganisms, and components within a cell, without damaging them. 
Optical tweezers have been used to measure the elastic properties of DNA by 
pulling each end of the molecule with such a laser “tweezers.” 


22—7 Radio and Television; 
Wireless Communication 


@® PHYSICS APPLIED  Electromagnetic waves offer the possibility of transmitting information over long 
Wireless transmission  đistances. Among the fẨirst to realize this and put 1t into practice was Guglielmo 
= Marconi (1874-1937) who, in the 1890s, invented and developed wireless commu- 
nication. With it, messages could be sent at the speed of light without the use of 
wires. The first signals were merely long and short pulses that could be translated 
into words by a code, such as the “dots” and “dashes” of the Morse code: they 
were digital wireless, believe 1t or not. In 1895 Marconi sent wireless sipgnals a 
kilometer or two In Italy. By 1901 he had sent test signals 3000 km across the 
ocean from Newfoundland, Canada, to Cornwall, England (Eig. 22-12). In 1903 
he sent the first practical commercial messages from Cape Cod, Massachusetts, 
to Engpland: the London 7ïes printed news 1fems sent from 1s New York 
correspondent. 1903 was also the year of the first powered airplane flight by the 
Wright brothers. The hallmarks of the modern age——wireless communication and 
FIGURE 22-12 GuglielmoMarconi  flipht—date from the same year. Our modern world of wireless communication, 
(1874-1937), on the left, receiving Iincluding radio, television, cordless phones, cell phones, Bluetooth, wi-fI, and satellite 
signals in Cornwall, 1901. communication, are based on Marconi”s pioneering work. 
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The next decade saw the development of vacuum tubes. Out of this early 
work radio and television were born. We now discuss briefly (1) how radio and 
TV signals are transmitted, and (2) how they are received at home. 

The process by which a radio station transmifs information (words and music) 
1s outlined in Eig. 22-13. The audio (sound) information 1s changed into an elec- 
trical signal of the same frequencIes by, say, a microphone, a laser, or a magnetic 
read/write head. This electrical signal is called an audiofrequency (AF) signal, 
because the frequencies are in the audio range (20 to 20,000 Hz). The signal is ampli- 
fied electronically and 1s then mixed with a radio-frequency (RE) signal called its 
carrier frequency, which represents that station. AM radio stations have carrier 
frequencies from about 530 kHz to 1700 kHz. For example, “710 on your dđial” 
means a station whose carrier frequency 1s 710 kHz. EM radio stations have much 
higher carrier frequencies, between 88 MHz and 108 MHz. The carrier frequencies 
for broadcast TV stations in the United States lie between 54 MHz and 72 MHz, 
between 76 MHz and S§SMHz, between 174MHz and 216 MHz, and between 
470 MHz and 698 MHz. Today's dipital broadcasting (see Sections 17—10 and 17-11) 
uses the same frequencies as the pre-2009 analog transmission. 


Transmitting 
Audio Audio antenna 
signal signal Modulated 
Sound (electrical) (amplified) signal 
Waves Mixet ————> 
Microphone 


| RE signal = carrler 


RE 


Ø(eflllbY8r FIGURE 22-13 Block diapram of 


a radio transmIftter. 


đÒpnvysics APPLIED 
AM and FM 


The mixing of the audio and carrier frequencles 1s done in two ways. Ín 
amplitude modulation (AM), the amplitude of the hiph-frequency carrier Wave 
1S made to vary 1n proportion to the amplitude of the audio sipnal, as shown In 
Hig.22—14. It is called “amplitude modulation” because the amplifude oŸ the car- 
rier 1s altered (“modulate” means to change or alter). In frequency modulafion (EM), 
the ƒfequency oŸ the carrler wave 1s made to change In proportion to the audio 
signal's amplitude, as shown 1n Eig. 22—15. The mixed signal 1s amplifled further 
and sent to the transmitting antenna (Fig. 22-13), where the complex mixture 
Of Írequencies 1s sent out 1n the form of EM waves. In digital communication, 
the signal 1s put into digital form (Section 17—10) which modulates the carrIer. 

A television transmitter works In a similar way, using FM for audio and AM 
for video; both audio and video signals are mixed with carrier frequencies. 


P du. SG xa z dz. s 


Program (audio) 


VVWW 


Carrler 


“Ước SẠC sưu ÃÔ 6u, 


Program (audio) 


vVWWWWWW 


Carrier 


jWWWWVVWWVVVWW 


Total signal (FM) 


FIGURE 22-15 In frequency modulation (EM), 
the frequency of the carrier sipnal 1s made 

to change In proportion to the audio sipgnal”s 
amplitude. This method is used by FM radio 
and television. 


FIGURE 22-14 In amplitude modulation (AM), 
the amplitude of the carrier sipnal is made 

tO vary In proportion to the audio sipgnal”s 
amplitude. 
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Receiving 


FIGURE 22-16 Block diapram of antenna 
a simple radio receIver. RE Audio Loudspeaker 
signal signal D 
Demodulator ————> HQ — 
` 
@® PHYSICS APPLIED Now let us look at the other end of the process, the reception of radio and TV 


##adio and TV recei»ers programs at home. A simple radio receiver 1s diagrammed In Eig.22—16. The EM 
waves sent out by all stations are received by the antenna. The signals the antenna 
đetects and sends to the receiver are very small and contain frequencies from many 
đifferent stations. The receiver uses a resonant LC circuit (Section 21—15) to select 
out a particular RF frequency (actually a narrow range of frequencies) correspond- 

FIGURE 22-17 Simple tuningstage  1ng to a particular station. A simple way of tuning a sfation 1s shown 1n Eig.22—17. 


of a radio. A particular station ¡is “tuned in” by adjusting C and/or L so that the resonant 
Antenna frequency of the circuit (ƒa = 1/ (2mVLC }; Eq. 21-19) equals that of the station”s 
Transistor 


carrier frequency. The signal, containing both audio and carrier Írequencies, nexf 
goes to the demodulator, or detecfor (Eig. 22—16), where “demodulation” takes 
place—that 1s, the audio signal 1s separated from the RE carrler frequency. The 
audio signal 1s amplified and sent to a loudspeaker or headphones. 

Modern receivers have more stages than those shown. Various means are used 
to Iincrease the sensifivity and selectivity (ability to detect weak signals and dis- 
tinguish them from other sfations), and to minimize distortion of the original 
signal. 

A television receiver does similar things to both the audio and the video signals. 
The audio signal goes finally to the loudspeaker, and the video signal to the monitor 
screen, such as an LCD (Sections 17—11 and 24-11). 
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FIGURE 22-18 Antennas. (a) Electric field of EM wave produces a currenft in an antenna consisting of 
straight wire or rods. (b) The moving and changing magnetic field induces an emf and current ín a loop antenna. 


FIGURE 22-19 A satellite dish. One kind of antenna consists oŸ one or more conducting rods; the electric field 
1n the EM waves exerts a force on the electrons in the conductfor, causing them to 
move back and forth at the frequencies of the waves (Fig.22—18a). A second type 
Of antenna consists of a tubular coil of wire which detects the magnetic field of the 
wave: the changing Ö field induces an emf im the coïl (Eig.22—18b). A satellite dish 
(Fig. 22-19) consists of a parabolic reflector that focuses the EM waves onto a 
“horn,” similar to a concave mirror telescope (Eig. 25—22). 


TFor FM stereo broadcasting, two signals are carried by the carrier wave. One signal contains frequencies 
up to about 15 kHz, which includes most audio frequencies. The other signal includes the same range 
of frequencies, but 19 kHz is added to it. A stereo receiver subtracts this 19,000-Hz signal and distributes 
the two signals to the left and ripht channels. The first signal consists of the sum of left and ripght channels 
(L + R), so monophonic radios (one speaker) detect all the sound. The second signal is the difference 
between left and right (L — R). Hence a stereo receiver must add and subtract the two signals to get 
pure left and right signals for each channel. 
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EXAMPLE 22-7 | Tuning a station. Calculate the transmitting wavelength of 


an FM radio station that transmifs at 100.1 MHz. 


APPROACH Radio 1s transmited as an EM wave, so the speed 1s 
c = 3.0 x 10°m/s. The wavelength is found from Eq.22-4, À = c/ƒ. 


SOLUTION The carrier frequency is ƒ = 100.1 MHz + 1.0 X 108s”1, so 


c = (30x 108m/s) 
À = = = 3.0m. 

ƒ (1.0 x 10Ẻs 1) 
NOTE The wavelengths of other FM signals (88 MHz to 108 MH2) are close to 
the 3.0-m wavelength of this station. EM antennas are typically 1.5 m long, or about 
a half wavelength. This length 1s chosen so that the antenna reacts In a resonant 
fashion and thus 1s more sensitive to FM frequencIes. AM radio antennas would 
have to be very long and impractical to be either ÿÀ or ‡À. 


Other EM Wave Communications 


The varlous reglons of the radio-wave spectrum are assipned by governmental 
agencles for various purposes. Besides those mentioned above, there are “bands” 
assipned for use by ships, airplanes, police, military, amafteurs, satellites and space, 
and radar. Cell phones, for example, are complete radio transmifters and rece1vers. 
In the U.S., CDMA cell phones function on two diferent bands: 800 MHz and 
1900 MHz (= 1.9GHz). Europe, Asia, and much of the rest of the world use a dif- 
ferent system: the International standard called GSM (Global System for Mobile 
Communication), on 900-MHz and 1800-MHz bands. The UƯ.S. now also has the 
GSM option (at 850 MHz and 1.9 GHz), as does much of the rest of the Americas. 
A 700-MHz band is being made available for cell phones (t used to carry TV 
broadcast channels, no longer used). Radio-controlled toys (cars, sallboats, 
robotic animals, efc.) can use various frequencies from 27 MHz to 75 MHz. 
Automobile remote entry (keyless) may operate around 300 MHz or 400 MHz. 
Cable TV channels are carried as electromagnetic waves along a coaxial cable 
(Eig. 22-9) rather than being broadcast and received through the “air.” The channels 
are 1n the same part of the EM spectrum, hundreds of MHz, but some are at 
frequencles not available for TV broadcast. Digital satellite TV and radio are carried 
in the microwave portion of the spectrum (12 to 14 GHz and 2.3 GHz, respectively). 


@ÒPHvsics APPLIED 


Cell phones, remote controls, 
cable TV, satelhite TV and radio 


Wireless from the Moon 


In 1969, astronauts first landed on the Moon. It was shown live on television 
(Eig. 22-20). The transmitting TV camera can be seen In the Chapter-Opening 
photo, page 625. At that time, someone pointed out that Columbus and other 
early navigators could have Imagined that humans might one day reach the 
Moon. But they would never have believed possible that moving Images could be 
sent from the Moon to the Earth through empty space. 


 Summary 


FIGURE 22-20 The first person on 
the Moon, Neil Armstrong, July 20, 
1969, pointed out “One small step for 
a man, one giant leap for mankind.” 


James Clerk Maxwell synthesized an elegant theory in which 
all electric and magnetic phenomena could be described using 
four equations, now called Maxwell' equations. They are based 
on earlier ideas, but Maxwell added one more——that a changIng 
electric field produces a magnetic field. 

Maxwell's theory predicted that transverse electromagnetic 
(EM) waves would be produced by accelerating electric charges, 
and these waves would propagate (move) through space at the 


specd of light: 
1 
c= = 3.00 x 10Ẻm/s. 


V€0Mọ 


(22-3) 


The oscillating electric and magnetic fields in an EM wave 
are perpendicular to each other and to the direction of propa- 
gation. These EM waves are waves of fields, not matter, and can 
DrOpagate In empty space. 

The wavelength À and frequency ƒ of EM waves are related 
to their speed c by 


c = Àƒ (22-4) 


Jjust as for other waves. 


Summary 639 


After EM waves were experimentally detected, it became 


generally accepted that light 1s an EM wave. The electromagnetic 
spectrum includes EM waves of a wide varlety of wavelengths, 
from microwaves and radio waves to visible lipht to X-rays 
and gamma rays, all of which travel through space at a speed 
c = 3.0 x 10Ÿm/s. 


The average i„ensity (W/m?) of an EM wave is 
1 EgĐb 
2 Họ 


(22-8) 


where #2 and Öụ are the peak values of the electric and magnetic 
fields, respectively, In the wave. 


EM waves carry momentum and exert a radiation pressure 


proportional to the Intensity 7 of the wave. 


Radio, TV, cell phone, and other wireless signals are trans- 


mitted through space In the radio-wave or microwave part of 
the EM spectrum. 


J Questions 


1. 


The electric field in an EM wave traveling north oscillates In 
an east—west plane. Describe the direction of the magnetic 
field vector In this wave. Explain. 


2. Is sound an EM wave? T not, what kind of wave Is 1t? 


. Can EM waves travel through a perfect vacuum? Can sound 


Waves? 


. When you flip a lipht switch on, does the light go on Iimme- 


điately? Explain. 


„ Are the wavelengths of radio and television signals longer 


or shorter than those detectable by the human eye? 


.  When you connect two loudspeakers to the output OŸ a stereo 


amplifier, should you be sure the lead-In wires are equal in 
length to avoid a time lag between speakers? Explain. 


. In the electromagnetic spectrum, what type of EM wave would 


have a wavelength of 10” km? 1 km? 1 m2 1cm? 1mm? 1 m? 


8. 


10. 


11. 


Can radio waves have the same frequencies as sound waves 
(20 Hz-20,000 Hz)? 


, IÝ a radio transmitter has a vertical antenna, should a 


receiver”s antenna (rod type) be vertical or horizontal to 
obtain best reception? 

The carrier frequencies of FM broadcasts are much higher 
than for AM broadcasts. On the basis of what you learned 
about diffraction in Chapter 11, explain why AM signals 
can be detected more readily than FM signals behind low 
hills or buildings. 

Discuss how cordless telephones make use of EM waves. 
What about cell phones? 


„ A lost person may signal by switching a flashlight on and off 


usine Morse code. Thĩs 1s actually a modulated EM wave. 
Is ií AM or FM2? What is the frequency of the carrIer, 
approxIimately? 


 MisConceptual Questions 


1. 


In a vacuum, what Is the difference between a radio Wave 
and an X-ray? 
(a) Wavelength. 


(b) Frequency.  (c) Speed. 


. The radius of an atom is on the order of 10 !°m. In com- 


parIison, the wavelength of visible light 1s 
(a) much smaller. (b) about the same size. (c) much larger. 


. Which of the following travel at the same speed as light? 


(Choose all that apply.) 

(a) Radio waves. (đ) Ultrasonic waves. (ø) Gamma rays. 
(b)Microwaves. (e) Infrared radiation. (h) X-rays. 

(c) Radar. (7) Cell phone signals. 


.  Which of the following types of electromagnetic radiation 


travels the fastest? 

(a) Radio waves. 

(Bb) Visible lipht waves. 

(c) X-rays. 

(4) Gamma rays. 

(z) AlI the above travel at the same speed. 


- In empty space, which quantity 1s always larger for X-ray 


radiation than for a radio wave? 
(z) Amplitude. (c) Frequency. 
(b) Wavelength. (đ) Speed. 


.‹ Tf electrons in a wire vibrate up and down 1000 times per 


second, they will create an electromagnetic wave having 
(2) a wavelength of 1000m. (c) a speed of 1000 m/s. 
(B) a frequenecy of 1000 Hz.  (đ) an amplitude of 1000 m. 


. the Earth-Sun distance were doubled, the intensity of radi- 


ation from the Sun that reaches the Earth's surface would 
(2) quadruple. (b) double. (c) drop to 3. (đ) drop to š. 


640 CHAPTER22 Electromagnetic Waves 


8. 


10. 


11. 


An electromagnetic wave 1s traveling straight down toward 
the center of the Earth. At a certain moment In time the 
electric field points west. In which direction does the mag- 
netic field point at this moment? 


(a) North. (đ) West. (g) Either (ø) or (0). 
(5) South. (e) Up. (h) Either (c) or (đ). 
(c) East. (#) Down. () Either (e) or (ƒ). 


TỶ the intensity of an electromagnetic wave doubles, 

(a) the electric field must also double. 

(5) the magnetic field must also double. 

(c) both the magnetic field and the electric field must 
increase by a factor of W⁄2. 

(đ) Any of the above. 

TẾ all else 1s the same, for which surface would the radiation 

pressure from light be the øreatest? 

(a) A black surface. 

(b) A gray surface. 

(c) A yellow surface. 

(đ) A white surface. 

(c) All experience the same radiation pressure, because 
they are exposed to the same light. 

Starting in 2009, TV stations in the U.S. switched to digital 

sienals. [See Sections 22—7, 17—10, and 17—11.] To watch 

today”s digital broadcast TV, could you use a pre-2009 TV 

antenna meant for analog? Explain. 

(a) No; analog antennas do not receive digital signals. 

(b) No; digital signals are broadcast at different 
frequencIes, so you need a different antenna. 

(c) Yes; digital signals are broadcast with the same carrier 
frequencies, so your old antenna will be fine. 

(đ) No; you cannot receive digital sienals through an 
antenna and need to switch to cable or satellite. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


(wPj 


j Problems 


22-1 B Produced by Changing E 


#1. (II) Determine the rate at which the electric field changes 


*2 


ké 


+4, 


between the round plates of a capacitor, 8.0 em in diameter, 
1ƒ the plates are spaced 1.1 mm apart and the voltaøe across 
them ¡is changing at a rate of 120 V/s. 


(H) Calculate the displacement current 7p between the 
square plates, 5.8 cm on a side, of a capacitor 1ƒ the electric 
field is changing at a rate of 1.6 < 108 V/m-s. 


(TT) At a given instant, a 3.8-A current flows In the wires 
connected to a parallel-plate capacitor. What 1s the rate at 
which the electric field is changing between the plates If 
the square plates are 1.60 cm on a side? 


(HJ A 1500-nF capacitor with circular parallel plates 2.0 em 
in điameter is accumulating charge at the rate of 32.0 mC/s 
at some instant in time. What will be the induced magnetic 
field strength 10.0 cm radially outward from the center of 
the plates? What wIll be the value of the field strength after 
the capacitor 1s fully charged? 


22-2 EMWaves 
5. (1) H the electric field in an EM wave has a peak magnitude 


of 0.72 x 10 V/m, what is the peak magnitude of the 
magnetdic field strength? 


(ID) If the magnetic field in a traveling EM wave has a peak 
magnitude of 10.5 nTI, what 1s the peak magnitude of the 
electric field? 


(D In an EM wave traveline west, the Ö field oscillates up 
and down vertically and has a frequency of 90.0 kHz and 
an rms strength of 7.75 x 10””'T. Determine the frequency 
and rms strength of the electric field. What is the direction 
Of 1s oscillations? 


8. () How long does it take light to reach us from the Sun, 


1.50 < 10km away? 


9. (II How long should it take the voices of astronauts on the 


Moon to reach the Earth? Explain In detaIl. 


22-3 Electromagnetic Spectrum 
19. ( An EM wave has a wavelength of 720 nm. What 1s Ifs 


11. 


12, 


15. 


Írequency, and how would we classIfy 1t? 


( An EM wave has frequency 7.14 < 10!?Hz. What is its 
wavelength, and how would we classIfy 1t? 


(DA widely used “short-wave” radio broadcast band ïs 
referred to as the 49-m band. What 1s the frequency of a 
49-m radio signal? 

(Ð What ¡is the frequency of a microwave whose wavelength 
1s 1.50 cm? 


(II) Electromagnetic waves and sound waves can have the 
same frequency. (2) What is the wavelength of a 1.00-kHz 
electromagnetic wave? (b) What is the wavelength of a 
1.00-KHz sound wave? (The speed of sound ïn aïr is 341 m/s.) 
(c) Can you hear a 1.00-kHz electromagnetic wave? 

(II) (2) What is the wavelength of a 22.75 x 102 Hz radar 
sienal? (b) What ¡s the frequency of an X-ray with wave- 
length 0.12 nm? 


16. 


17. 


18. 


19. 


(I) How long would ¡it take a message sent as radio Waves 
from Earth to reach Mars when Mars 1s (4) nearest Earth, 
(B) farthest from Earth? Assume that Mars and Earth are 
1n the same plane and that their orbits around the Sun are 
cireles (Mars is ~ 230 x 10 km from the Sun). 

(ID Our nearest star (other than the Sun) 1s 4.2 light-years 
away. That is, It takes 4.2 years for the lipht it emifs to reach 
Earth. How far away Is It in meters? 

(H) A light-year is a measure of distance (not time). How 
many meters does light travel in a year? 

(IH) Pulsed lasers used for scilence and medicine produce 
very brief bursts of electromagnetic energy. If the laser 
light wavelength ¡s 1062 nm (Neodymium—YAG laser), and 
the pulse lasts for 34 picoseconds, how many wavelengths 
are found within the laser pulse? How brief would the pulse 
necd to be to fit only one wavelength? 


22-4 Measuring the Speed of Light 


20. 


21. 


(II) What ïs the minimum angular speed at which Michel- 
son”s eipht-sided mirror would have had to rotate to reflect 
light Iinto an observer?s eye by succeeding mirror faces 
(1/8 of a revolution, Fig. 22-10)? 

(H) A student wants to scale down Michelson”s light-speed 
experIiment to a size that wIll fit in one room. An eipht- 
sided mirror 1s available, and the stationary mirror can be 
mounted 12 m from the rotating mirror. If the arrangement 
1s otherwise as shown In Fig. 22—10, at what minimum rate 
must the mirror rotate? 


22-5 Energy in EMWave 


22. 


23. 


24. 


25. 


26. 


21. 


28. 


29. 


30. 


(U The E field in an EM wave has a peak of 22.5 mV/m. 
What 1s the average rate at which this wave carries enerøy 
aCrOss unIt area per unit time? 

(II) The magnetic field in a travelineg EM wave has an rms 
strength of 22.5 nT. How long does 1t take to deliver 365 J 
of enersy to 1.00 em” of a wall that it hits perpendicularly? 
(1) How much energy is transported across a 1.00-cm” area 
per hour by an EM wave whose # field has an rms strenpth 
of 30.8 mV/m? 

(H)A spherically spreading EM wave comes from an 1800-W 
Source. At a distance of 5.0m, what is the intensity, and 
what 1s the rms value of the electric field? 

(H) If the amplitude of the Ø field of an EM wave 1s 
2.2 < 10 77T, (z) what is the amplitude of the £ field? 
(b) What is the average power transported across unit area 
by the EM wave? 

(II) What is the average energy contained in a 1.00-mỶ 
volume near the Earths surface due to radiant energy 
from the Sun? See Example 22-4. 

(I) A 15.8-mW laser puts out a narrow beam 2.40 mm in 
diameter. What are the rms values of # and B in the beam? 
(I) Estimate the average power output of the Sun, øIven 
that about 1350 W/mZ reaches the upper atmosphere of 
the Earth. 

(H) A high-energy pulsed laser emits a 1.0-ns-long pulse of 
average power 1.5 < 10!!'W, The beam is nearly a cylinder 
2.2 x 10 Ỷm in radius. Determine (z) the energy deliv- 
ered in each pulse, and (b5) the rms value of the electric field. 


641 


Problems 


22-6 Radiation Pressure 


31. 


32. 


33. 


(H) Estimate the radiation pressure due to a bulb that emits 
25 WofEMradiation at a distance of9.5 cm from the center 
of the bulb. Estimate the force exerted on your fingertip 1ƒ 
you place 1t at this point. 

(ID) What size should the solar panel on a satellite orbiting 
Jupiter be 1Ÿ it is to collect the same amount of radiation 
from the Sun as a 1.0-m” solar panel on a satellite orbiting 
Earth? [Hmr: Assume the inverse square law (Eq. 11—16b).] 
(HI) Suppose you have a car with a 100-hp engine. How large 
a solar panel would you need to replace the engine with 
solar power? Assume that the solar panels can utilize 20% of 
the maximum solar energy that reaches the Earth”s surface 
(1000 W/m”). 


22-7 Radio, TV 


34. 


35. 


36. 


37. 


(D What is the range of waveleneths for (z) FM radio (S8 MHz 
to 108 MHz) and (5) AM radio (535 kHz to 1700 kHz)? 
(D Esumate the wavelenpth for a 1.9-GHz cell phone 
transmitter. 

(D Compare 980 on the AM dial to 98.1 on FM. Which 
has the longer wavelength, and by what factor 1s 1t larger? 
(D What are the wavelengths for two TV channels that broad- 
cast at 54.0 MHz (Channel 2) and 692 MHz (Channel 51)? 


38. 


39. 


40. 


4I. 


42 


b 


43. 


(D The variable capacitor in the tuner of an AM radio has a 
capacitance of 2500 pEF when the radio 1s tuned to a station 
at 550 kHz. What must the capacitance be for a statlon near 
the other end of the dial, 1610 kHz? 


(IJ) The oscillator of a 98.3-MHz EM station has an induc- 
tance of 1.8 uH. What value must the capacitance be? 


(I) A certain EM radio tunïing circuit has a fixed capacitor 
€ = S10 PpF. Tuning is done by a variable inductance. What 
range of values must the Inductance have fo tune statlons 
Irom 88 MHz to 108 MHz? 


(H) An amateur radio operator wishes to build a receiver that 
can tune a range from 14.0 MHz to 15.0MHz. A variable 
capacitor has a minimum capacitance of 86 pE. (z) What 
1s the required value of the inductance? (5) What is the 
maximum capacitance used on the variable capacItor? 


(H) A satellite beams microwave radiation with a power of 
13 kW toward the Earth”s surface, 550 km away. When the 
beam strikes Earth, its circular diameter 1s about 1500 m. 
Find the rms electric field strength of the beam. 


(HI) A 1.60-m-long EM antenna Is oriented parallel to the 
electric field of an EM wave. How large must the electric 
field be to produce a 1.00-mV (rms) voltaøe between the ends 
of the antenna? What is the rate of energy transport per m”? 


 General Problems 


A4. 


45. 


4ó. 


A1. 


Who will hear the voice of a singer first: a person in the 
balcony 50.0 m away from the stage (see Fig. 22-21), or a 
person 1200 km away at home whose ear 1s next to the radio 
listening to a live broadcast? Roughly how much sooner? 
Assume the microphone 1s a few cenfimeters from the sinper 
and the temperature 1s 20°C. 


H — 3500" 


FIGURE 22-21 Problem 44. 


A global positioning system (GPS) functions by determining 
the travel times for EM waves from various satellites to a 
land-based GPS receiver. If the receiver is to detect a change 
1n travel đistance on the order of 3 m, what 1s the associated 
change ïn travel time (in ns) that must be measured? 

Light 1s emitted from an ordinary lightbulb fñilament in wave- 
train bursts about 10Š s in duration. What is the length in 
space of such wave trains? 

The voice from an astronaut on the Moon (Fig. 22-22) was 
beamed to a listening crowd on Earth. If you were standing 
28m from the loudspeaker on Earth, what was the total 
time lag between when 
you heard the sound and 
when the sound entered 
a microphone on the 
Moon? Explain whether 
the microphone wWas 
1nside the space helmet, 
or oufside, and why. 


FIGURE 22-22 
Problem 47. 
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48. 


49. 


50. 


31. 


52 


b 


5. 


=4. 


». 


Radio-controlled clocks throughout the United States receive 
a radio signal from a transmitter In Fort Collins, Colorado, 
that accurately (within a microsecond) marks the beginning 
of each minute. A slipht delay, however, 1s introduced 
because this sipnal must travel from the transmitter to the 
clocks. Assuming Fort Collins 1s no more than 3000 km from 
any point in the U.S., what 1s the longest travel-time delay? 
T the Sun were to disappear or radically change 1s output, 
how long would it take for us on Earth to learn about 1t? 
Cosmic microwave background radiation ñills space with an 
average energy density of about 4 < 10”! J/mể. (a) Eind the 
rms value of the electric ñield associated with thịs radiation. 
(5) How far from a 7.5-kW radio transmitter emitting uni- 
formly In all directions would you find a comparable value? 
What are Eọẹ and Öụ at a point 2.50 m from a lipht source 
whose oufput 1s 18W? Assume the bulb emits radiation of 
a single frequency uniformly ¡n all directions. 

Estimate the rms electric field in the sunlipht that hits Mars, 
knowing that the Earth receives about 1350 W/mŸ and that 
Mars Is 1.52 times farther from the Sun (on average) than 
1s the Earth. 

The average Intensity of a particular TV station”s signal 
is 1.0 x 10”!3W/m when it arrives at a 33-cm-diameter 
satellite TV antenna. (2) Calculate the total energy received 
by the antenna during 4.0 hours of viewing this station”s 
programs. (b) Estimate the amplitudes of the # and Ö fields 
of the EM wave. 

What length antenna would be appropriate for a portable 
device that could receive satellite TV? 

A radio station 1s allowed to broadcast at an averaøe 
power not to exceed 25 kW. If an electric field amplitude 
of 0.020 V/m ïs considered to be acceptable for receiving 
the radio transmission, estimate how many kilometers away 
you mipht be able to detect this station. 


S6. 


Y/ 


The radiation pressure (Section 22—6) created by electro- 
magnetic waves mipht someday be used to power spacecraft 
throuph the use of a “solar sail,” Example 22~6. (4) Assuming 
total reflection, what would be the pressure on a solar sail 
located at the same distance from the Sun as the Earth 
(where 7 = 1350 W/m”)? (b) Suppose the sail material 
has a mass of 1 g/m”. What would be the acceleration of 
the sail due to solar radiation pressure? (c) A realistic 
solar sail would have a payload. How bịg a sail would you 
need to accelerate a 100-kg payload at 1 x 10”3m/s”? 
Suppose a 35-kW radio station emits EM waves uniformly 
1n all directions. (z) How much energy per second crosses a 
1.0-mŸ area 1.0 km from the transmitting antenna? (b) What 
is the rms magnitude of the E field at this point, assuming 
the station 1s operating at full power? What 1s the rms volt- 
age induced ïn a 1.0-m-long vertical car antenna (c) 1.0 km 
away, (đ) 50 km away? 


Search and Learn 


1. 


Lầu 


„ 


How practical 1s solar power for various devices? Assume 
that on a sunny day, sunlight has an intensity of 1000 W/mŸ7 
at the surface of Earth and that a solar-cell panel can 
convert 20% of that sunlieht into electric power. Calculate 
the area 4 of solar panel needed to power (2) a calculator 
that consumes 50 mW, (0) a haIr dryer that consumes 1500 `W, 
(c) a car that would require 40 hp. (đ) In each case, would 
the area A be small enough to be mounted on the device 
1tself, or in the case of (5) on the roof of a house? 

A powerful laser portrayed In a movie provides a 3-mm 
diameter beam of green lipht with a power of 3W. 
A good agent Inside the Space Shutile aims the laser beam 
at an enemy astronaut hovering outside. The mass of the 
enemy astronaut is 120 kg and the Space Shut(le 103,000 kg. 
(a) Determine the “radiation-pressure” force exerted on 
the enemy by the laser beam assuming her suit 1s perfectly 
reflecting. (b) If the enemy is 30m from the Shuttle”s 
center of mass, estimate the gravitational force the Shut(le 
exerts on the enemy. (c) Which of the two forces 1s larger, 
and by what factor? 

The Arecibo radio telescope in Puerto Rico can detect 
a radio wave with an intensity as low as 1 < 107” W/nử. 
Consider a “best-case” scenario for communication with 
extraterrestrials: suppose an advanced civilization a dis- 
tance x away from Earth 1s able to transform the entire pOower 
oufput o£a Sun-like star completely Into a radio-wave signal 
which 1s transmitted uniformly ¡n all directions. (#) In order 
for Arecibo to detect this radio sipnal, what 1s the maximum 
value for x ¡in light-years (1 ly ~ 101m)? (b) How does 
this maximum value compare with the 100,000-ly s1ze of 
our Milky Way galaxy? 'The Intensity of sunlight at Earth”s 
orbital distance from the Sun is 1350 W/mZ. [Hiz/: Assume 
the inverse square law (Eq. 11—16b).] 


58. 


59, 


ó0. 


61. 


4. 


A poïnt source emits lipht energy uniformly in all directions 
at an average rate ?ạ with a single frequency ƒ. Show that 
the peak electric field in the wave Is øIven by 


ch 
Đụ = Jocfo- 
2mr? 


[Himr: The surface area of a sphere is 4mr”.] 


What 1s the maximum power level oŸ a radio statlon so as 
to avoid electrical breakdown of air at a distance of£0.65 m 
from the transmitting antenna? Assume the antenna 1s a 
point source. Air breaks down In an electric field of about 
3 x 105 V/m. 

Estimate how long an AM antenna would have to be I 1t 
were (2) ÿÀ or (b) ‡À. AM radio is roughly 1 MHz (530 kHz 
to 17MHz). 

12 km from a radio station”s transmitting antenna, the ampli- 
tude of the electric field is 0.12 V/m. What ¡is the averaøe 
power output of the radio station? 


Laser lipht can be focused (at besf) to a spot with a radius r 
equal to 1(s wavelength À. Suppose a 1.0-W beam of green 
laser light (A = 5 < 107m) forms such a spot and illuminates 
a cylindrical object of radius r and length r (Fig. 22-23). 
Estimate (2) the radiation pressure and force on the object, 
and (0) its acceleration, If 1ts density equals that of water 
and it absorbs all the radiation. [This order-of-magnitude 
calculation convinced researchers of the feasibility of “optical 
tweezers,” page 636.] 
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FIGURE 22-23 
Search and Learn 4. À = 5 xX 107m 


ANSWERS TO EXERCISES 
A: (c). 

B: (0). 

C: (a) 3.8 x 105Hz; (b) 5.5 x 10!8 Hz. 


D: 45 cm. 
E: Yes; the sipnal still travels 72,000 km. 
EF:  Over 4hours. 
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Reflection from still water, as from 
a glass mirror, can be analyzed using 
the ray model of light. 

Is this picture ripht side up, or 
upside down? How can you tell? 
'What are the clues? Notice the 
people and position of the Sun. 

Ray diaprams, which we wIll learn to 
draw In this Chapter, can provide 
the answer. See Example 23-3. 

In this ñrst Chapter on light and 
Ooptics, we use the ray model of light 
to understand the formation of 
1mages by mirrors, both plane and 
curved (spherical). We also study 
refraction——how light rays bend 
when they go from one medium to 
another——-and how, via refraction, 
1mages are formed by lenses, which 
are the crucial part oŸ so many 
optical instruments. 
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Light: Geometric Optics 


—Guess now! 


A 2.0-m-tall person 1s standing 2.0m from a flat vertical mirror staring at her 
image. What minimum height must the mirror reflecting glass have 1Ý the 
pe€rson 1s to see her entire body, from the top of her head to her feet? 

0.50 m. 1.0m. 1.5m. 2.0m. 2.5m. 


The focal length of a lens 1s 
the diameter of the lens. 
the thickness of the lens. 
the distance from the lens at which incoming parallel rays bend to 1ntersect 
at a pont. 
the distance from the lens at which all real mages are formed. 


he sense o sipht 1s extremely important to us, for 1t provides us with a large 

pArt Of our information about the world. How do we see? What 1s the some- 

thing called /gh that enters our eyes and causes the sensafion of sight? 

How does lipht behave so that we can see everything that we do? We saw mm 

Chapter 22 that light can be considered a form of electromagnetic radiation. We 
now examine the subJect of light in detail in the next three Chapters. 

We see an object in one of two ways: (1) the object may be a source of light, 

such as a lghtbulb, a fame, or a star, n which case we see the light emitted directly 

from the source; or, more commonly, (2) we see an object by lipht reffecfed from ït. 


In the latter case, the light may have originated from the Sun, artificial lights, 
or a campfire. An understanding of how oblects ø/ light was not achleved until 
the 1920s, and will be discussed in Chapter 27. How light 1s reƒfÏlected from obJects 
was understood much earlier, and will be điscussed in Section 23-2. 


235—] The Ray Model of Light 


A great deal of evidence suggests that ighf trauels in straighr lines under a wide vaTr1- 
ety Of circumstances.” For example, a source of light like the Sun (which at its preat 
distance from us Is nearly a “point source”) casfs distinct shadows, and the beam from 
a laser pointer appears to be a straipht line. In fact, we 1nfer the positions of obJecfs 
1n our environment by assuming that light moves from the obJect to our eyes 1n 
straipht-line paths. Qur orlenfation to the physical world 1s based on this assumption. 

Thịs reasonable assumption 1s the basis of the ray model of light. This model 
assumes that light travels in straight-line paths called light rays. Actually, a ray 1s 
an 1dealization; 1t is meant to represent an extremely narrow beam of light. When 
we see an obJect, according to the ray model, light reaches our eyes from each point 
on the objJect. Although light rays leave each point in many different directions, 
normally only a small bundle of these rays can enter the pupil of an obserVver”s 
eye, as shown 1n Fig. 23-1. If the person's head moves to one side, a different 
bundle of rays wIll enter the eye from each poInt. 

We saw In Chapter 22 that light can be considered as an electromagnetic wave. 
Althouph the ray model of light does not deal with this aspect of lipht (we discuss 
the wave nature of light in Chapter 24), the ray model has been very successful 
1n describing many aspectfs of lipht such as reflection, refraction, and the formation 
of1mages by mirrors and lenses. Because these explanations Involve straight-line 
rays at various angles, this subJect 1s referred to as øgeomefric opfics. 


23-2 Reflection; Image Formation 
by a Plane Mirror 


'When light strikes the surface of an object, some of the light 1s reflected. The rest 
can be absorbed by the object (and transformed to thermal energy) or, !f the object 
1S transparent like glass or water, part can be transmitted through. For a very 
smooth shiny object such as a silvered mirror, over 95% of the light may be reflected. 


Normal N ] 
{O surface ¬ 
Ị fO surface 
| 
| 
| 
Source Ị 
Angle of ¡ Angle of 
: ineidence Ì reflection Angle of | Angle of 
Ineident | Reflected 1ncidence Ì reflection 
light ray light ray Light ray 0, Ø; 
(a) (b) 


When a narrow beam of light strikes a flat surface (Fig. 23-2), we define the 
angle of incidence, Ø;, to be the angle an incident ray makes with the normal 
(perpendicular) to the surface, and the angle of reflecfion, Øy, to be the angle the 
reflected ray makes with the normail. It is found that the /cidemt and reƒflected rays 
lie m the same plane tunh the normal to the surƒace, and that 


the angle of reflecfion equals the angle of incidence, Ø0; = ÓØ;. 


Thịs 1s the law of reflection, and 1t is depicted in Eig. 23—2. It was known to the 
ancient Greeks, and you can confirm it yourself by shining a narrow flashlight 
beam or a laser pointer at a mirror in a darkened room. 


?In a uniform transparent medium such as air or glass: But not always, such as for nonuniform air 
that allows optical illusions and mirages which we discuss in Section 24-2 (Fig. 24-4). 
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This bundle 
enters the eye 


FIGURE 23-1 Lipht rays come from 
cach single point on an obJect. A small 
bundle of rays leaving one poInt 1s 
shown enftering a person”s eye. 


FIGURE 23-2 Law of reflection: 

(a) shows a 3-D view of an incident 
ray being reflected at the top of a 
flat surface; (b) shows a side or 
“end-on” view, which we wIll usually 
use because OÝ its clar1ty. 


LAW OFREFLECTION 
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FIGURE 23-3 Diffuse reflection 
from a rouph surface. 


'When light is incident upon a rough surface, even microscopically rough such 
as this page, 1t 1s reflected in many directions, as shown 1n Eig. 23—3. Thĩs 1s called 
diffuse reflection. The law of reflection still holds, however, at each small section 
Of the surface. Because of diffuse reflection in all directions, an ordinary oblject 
can be seen at many different angles by the light reflected from 1t. When you move 
your head to the side, different reflected rays reach your eye from each point 
on the obJect (such as this page), Fig. 23—4a. Let us compare diffuse reflection to 
reflection from a mirror, which ¡is known as specular reflection. (“Speculum” ¡s 
Latin for mirror.) When a narrow beam of light shines on a mirror, the light 
wIll not reach your eye unless your eye 1s positioned at Just the right place where 
the law of reflection 1s satisfiied, as shown 1n Fig. 23-4b. Thịs 1s whaf ø1ves rIse fO 
the special Image-forming properfies Of mITrOrs. 


Eye at both liên bớt rên 

lân { 

POSIflons sees Rộ SỀTEII light The eye here 
reflected does see 


light 


z ks4 reflected light 
© 
đc ST 


(a) (b) 
FIGURE 23-4 A narrow beam of light shines on (a) white paper, and (b) a mirror. In part (a), 
you can see with your eye the white light (and printed words) reflected at various positIons 
because of diffuse reflection. But in part (b), you see the reflected light only when your eye 1s 
placed correctly (0; = 6;); mirror reflection is also known as specular reflection. (Galileo, using 
similar arguments, showed that the Moon must have a rough surface rather than a highly 
polished surface like a mirror, as some people thought.) 


Reflection from flat mirrors. Two flat mirrors are perpen- 
dicular to each other. An Iincoming beam of light makes an angle of 15° with the 
first mirror as shown 1n Eig. 23—5a. What angle wIll the outgoing beam make with 
the second mirror? 

APPROACH We sketch the path of the beam as it reflects off the two mirrors, and 
draw the two normals to the mirrors for the two reflections. We use geometry and 
the law of reflection to find the various ang]es. 


155 


(a) (b) 
FIGURE 23-5 Example 23—1. 


SOLUTION In Fip.23-5b, 0; + 15° = 90, so Ø¡ = 75°; by the law of reflection 
0; = 6¡ = 757 too. Using the fact that the sum of the three angles oŸ a triangle 1s 
always 180”, and noting that the two normals to the two mirrors are perpendicular 
to each other, we have 0; + 0; + 90° = 180”. Thus 0; = 180” — 90° = 75° = 157. 
By the law of reflection, Ø¿ = Øs = 15”, so Øs = 757 1s the angle the reflected 
ray makes with the second mirror surface. 

NOTE The outgoing ray ¡s parallel to the Incoming ray. Reflectors on bicycles, 
cars, and other applications use this principle. 
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'When you look straight into a mirror, you see what appears to be yourself as 
well as varIous obJects around and behind you, Eig. 23—6. Your face and the other 
obJects look as 1Ý they are In front of you, beyond the mirror. But what you see 1n 
the mirror 1s an image of the obJects, including yourself, that are In front of the 
mrror. Also, you dont see yourself as others see you, because left and ripght appear 
Teversed In the Image. 

A plane mirror is one with a smooth flat reflecting surface. Figure 23—7 shows 
how an Iimage 1s formed by a plane mirror according to the ray model. We are 
viewing the mirror, on edge, In the diagram of Fig. 23—7, and the rays are shown 
reflecting from the front surface. (Good mirrors are generally made by putting a 
hiphly reflective metallic coating on one surface of a very flat piece of plass.) Rays 
from two different points on an object (the bottle on the left in Fig. 23-7) are 
shown: two rays are shown leaving from a point on the top of the bottle, and two 
more from a pomt on the bottom. Rays leave each point on the obJect going in many 
directions (as in Eig. 23-1), but only those that enclose the bundle of rays that 
enter the eye from each of the two points are shown. Each set oÝ diverging rays 
that reflect from the mirror and enter the eye appear ío come from a single poimt 
behind the mirror, called the image poïn(, as shown by the dashed lines. That 1s, 
our eyes and brain Interpret any rays that enter an eye as having traveled straight- 
line paths. The point from which each bundle oŸ rays seems to come 1s one point 
on the Image. For each point on the obJect, there 1s a corresponding image poInt. 
(This analysis of how a plane mirror forms an image was published by Kepler in 
1604.) 


Plane mirror 


Reflecting 


Let us concentrate on the two rays that leave point A on the obJect In 
Fig. 23—7, and strike the mirror at points B and B“. We use geometry now, for the 
rays at B. The angles ADB and CDB are right angles; and because of the law of 
reflection, 6; = Ø; at point B. Therefore, by geometry, angles ABD and CBD are 
also equal. The two triangles ABD and CBD are thus congruent, and the length 
AD =(CD. That 1s, the Image appears as far behind the mirror as the obJect 1s 
in front. The image distance, ¿đ; (perpendicular distance from mirror to Image, 
Fig.23—7), equals the object distance, đ„ (perpendicular distance from obJect to mir- 
ror). From the øgeometry, we also can see that the heipht of the image is the same 
as that of the obJect. 

The light rays do not actually pass through the Iimage location 1tselfin Hig.23—7. 
(Note where the red lines are dashed to show they are our projections, not rays.) 
The Image would not appear on paper or film placed at the location of the Image. 
Therefore, 1t 1s called a virtual image. This 1s to distinguish 1t from a real image 
1n which the light does pass through the Iimage and which therefore could appear 
on a whIite surface, or on film or on an electronic sensor placed at the Image posifion. 
Our eyes can see both real and virtual images, as long as the diverging rays enfer 
our pupils. We wIll see that curved mirrors and lenses can form real Images, as welÏ 
as virtual. A movie projector lens, for example, produces a real Image that 1s 
visible on the screen. 


FIGURE 23-6 When you look in a 
mITTOr, yOu see an image of yourself 
and objects around you. You don't 
see yourself as others see you, 
because left and right appear 
reversed in the Image. 


FIGURE 23-7 Formation of a virtual 
1mage by a plane mirror. Only the bundle 
Of rays from the top and bottom of the 
obJect which reach the eye 1s shown. 
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FIGURE 23-8 Seeing oneself in a 


mirror. Example 23-2. 150m 


How tall must a full-length mirror be? A woman 1.60 m 
tall stands in front of a vertical plane mirror. What is the minimum height of the 
mirror, and how high must 1fs lower edge be above the floor, 1Ÿ she 1s to be able 
to see her whole body? Assume that her eyes are 10 em below the top of her 
head. 


APPROACH Eor her to see her whole body, light rays from the top of her head 
(point G) and from the bottom of her foot (A) must reflect from the mirror and 
enter her eye, Eig. 23—8. We don”t show two rays diverging from each poinft as we 
did in Eig. 23—7, where we wanted to find where the image 1s. Now that we know 
the image 1s the same distance behind a plane mirror as the obJect 1s 1n Íronf, we 
only need to show one ray leaving point G (top of head) and one ray leaving 
point A (her toe), and then use øeometry. 


SOLUTION Eirst consider the ray that leaves her foot at A, reflects at B, and 
enters the eye at E. The mirror needs to extend no lower than B. The angle of 
reflection equals the angle of incidence, so the height BD ¡s half of the height AE. 
Because AE = 1.60m — 0.10m = 1.50m, then BD = 0.75m. Similarly, 1f the 
woman 1s to see the top of her head, the top edge of the mirror only needs to 
reach point F, which 1s 5 cm below the top of her head (half of GE = 10 cm). 
Thus, DE = 1.55m, and the mirror needs to have a vertical height of only 
(155m — 0.75m) = 0.80m. And the mirrors bottom edge must be 0.75 m 
above the floor. 


@ÒPnvsics APPLIED 


Hou tall a mirror do you need to 
see a reflection oƒyour emtire selƒ? 


NOTE_We see that a mirror, 1ƒ positioned at the correct height (as in Fig. 23—8), 
necd be only half as tall as a person for that person to be able to see all of himself 
or herself 


EXERCISE A_ Does the result of Example 23-2 depend on your distance from the mir- 
ror? (Try it and see, 1s fun.) 


EXERCISEB Return to Chapter-Opening Question 1, page 644, and answer it again now. 
Try to explain why you may have answered differently the first time. 


ls the photo upside down? Close exami- 
nation of the photograph on the first page of this Chapter reveals that In the top 
portion, the image of the Sun is seen clearly, whereas in the lower portion, the 
image of the Sun 1s partially blocked by the tree branches. Show why the reflec- 
tion 1s not the same as the real scene by drawing a sketch of this situation, showing 
the Sun, the camera, the branch, and two rays goïng from the Sun to the camera 
(one direct and one reflected). Is the photograph right side up? 
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Branches 


Direct ray Camera 
=.,...... X“==.... SIẾ S¿S<ssees6s<ẽïẽẽ==ẽ==e Or 


eye 


Sun Reflected ray 


RESPONSE_We necd to draw two diagrams, one assuming the photo on p. 644 
1s righf side up, and another assuming it 1s upside down. Eigure 23-9 1s drawn 
assuming the photo 1s upside down. In this case, the Sun blocked by the tree 
would be the direct view, and the full view of the Sun the reflection: the ray which 
reflects off the water and into the camera travels at an angle below the branch, 
whereas the ray that travels directly to the camera passes through the branches. 
Thịĩs works. Try to draw a diapram assuming the photo 1s righf side up (thus assum- 
Ing that the image of the Sun In the reflection 1s higher above the hor1zon than 
1{ 1s as viewed directly). It won”t work. The photo on p. 644 1s upside down. 
Also, what about the people in the photo? Try to draw a diagram showing why 
they don”t appear m the reflection. [H¡: Assume they are not sitting at the edge of 
the pool, but back from the edge.| Then try to draw a diagram of the reverse (I.e.. 
assume the photo 1s ripht side up so the people are visible only im the reflection). 
Reflected immages are not perfect replicas when different planes (distances) are Involved. 


23-3 Formation of Images by 
Spherical Mirrors 


Reflecting surfaces can also be cured, usually spherical, which means they form a 
section of a sphere. A spherical mirror ¡s called convex !f the reflection takes place 
on the outer surface of the spherical shape so that the center of the mirror surface 
bulges out toward the viewer, Eig. 23—10a. A mirror 1s called concave 1f the reflecting 
surface 1s on the Inner surface of the sphere so that the mirror surface curves away 
from the viewer (like a “cave”), Fig. 23—10b. Concave mirrors are used as shaving 
Or cosmefic mirrors (magnifying mirrors), Fig. 23-11a, because they magnIfy. 
Convex mirrors are sometimes used on cars and trucks (rearview mirrors) and In 
shops (to watch for theft), because they take In a wide field of view, Fig. 23—11b. 


(a) 
Focal Point and Focal Length 


To see how spherical mirrors form Images, we first consider an obJect that 1s very 
far from a concave mirror. For a distant obJect, as shown 1n Fig. 23—12, the rays 
from each point on the object that strike the mirror will be nearly parallel. "or an object 
infinitely far auay (the Sun and stars approach this), 0he rays +0ould be precisely parallel. 


(b) 


FIGURE 23-9 Example 23-3. 


Normal —>~ _ 
tO Surface 


Rays 
from 

đistant 
SOUrce 


< Convex 
(a) mirror 


9. 
Normal ¬.__ ˆÈ 
{O Surface Z _ 


Concave 
(b) mirror 
FIGURE 23-10 Mirrors with convex 
and concave spherical surfaces. Note 
that Øy = 6; for each ray. (The dashed 
lines are perpendicular to the mirror 
surface at each point shown.) 


FIGURE 23-11 (a) A concave 
cosmefic mirror ø1ves a magnifled 
image. (b) A convex mirror in 

a store reduces Iimage s1ze and so 
Iincludes a wide field of view. 


FIGURE 23-12 Tí the objects distance 1s large compared to the size of the mirror 


(or lens), the rays arrive nearly parallel. They are parallel for an object at infinity (oo 


These rays strike the 
mirror, and they are 
essentially parallel. 
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). 


Now consider such parallel rays falling on a concave mirror as In Fig. 23-13. 
The law of reflection holds for each of these rays at the point each strikes the 
mmrror. As can be seen, they are not all brought to a single poInt. In order to form 
a sharp Iimage, the rays must come to a point. Thus a spherical mirror will not 
make as sharp an Image as a plane mirror will. However, as we show below, 
1ƒ the mirror 1s small compared to 1s radius of curvature, so that a reflected ray 
makes only a smalÏ angle with the Incident ray (20 in Fig. 23—14), then the rays 
wIll cross each other at very nearly a single point, or foeus. In the case shown 1n 
Fig. 23—14, the Iincoming rays are parallel to the principal axis, which 1s defined 
FIGURE 23-13 Parallel rays as the straight line perpendicular to the curved surface at its center (line CA in 
striking a concave spherical mirror do  Fig.23-14). The point E, where incident parallel rays come to a focus after reflec- 
not intersect (or focus) at precisely a . tion, is called the focal point of the mirror. The distance between F and the center 
single point. (This “defect”is referred  oƒ the mirror, length FA, is called the focal length, ƒ, of the mirror. The focal 
to as “spherical aberration.") point is also the ¿„age poimt for an object infinitely ƒar atoay along the principal 
axis. The Image of the Sun, for example, would be at E. 


FIGURE 23-14 Rays parallel to the principal 
aXIs Of a concave spherical mirror come to a 
focus at E, the focal point, as long as the mirror 
1s small in width as compared to 1ts radius of 
curvature, 7, so that the rays are “paraxial”—— 
that is, make only small angles with the 
hor1zontal axIs. 


Principal 
AXIS 


Now we wIll show, for a mirror whose reflecting surface 1s small compared to 
1{s radius of curvature, that the rays very nearly meet at a common point, E, and 
we wIll also determine the focal length ƒ. In this approximation, we consider only 
rays that make a small angle with the principal axis; such rays are called paraxial 
rays, and their angles are exaggerated in Fig. 23—14 to make the labels clear. First 
we consider a ray that strikes the mirror at B in EHig. 23-14. The point C 1s the 
cenfter of curvature of the mirror (the center of the sphere of which the mirror 1s 
a part). So the dashed line CB ¡s equal to z, the radius of curvature, and CB 1s 
normal to the mirror”s surface at B. The incoming ray that hits the mirror at B 
makes an angle Ø with this normal, and hence the reflected ray, BE, also makes an 
angle Ø with the normal (law of reflection). The angle BCE 1s also 0, as shown. 
The triangle CBE 1s isosceles because two of 1ts angles are equal. Thus length 
CT = EB. We assume the mirror surface 1s small compared to the mirror”s radIus 
Of curvature, so the angles are small, and the length EB ¡is nearly equal to 
length EA. In this approximatilon, EFA = FC. But EA = ƒ, the focal length, 
and CA = 2X FA =z. Thus the focal length 1s half the radius of curvature: 


ƒÿẻ=. [spherical mirror] (23-1) 


We assumed only that the angle Ø was small, so this result applies for all other 
incident paraxial rays. Thus all paraxial rays pass through the same point E, the 
focal pomt. 

Sinee If is only approximately true that the rays come to a perfect focus at E, 
the more curved the mirror, the worse the approximation (Fig.23—13) and the more 
blurred the Image. This “defect” of spherical mirrors 1s called spherical aberration; 
we wIll discuss 1t more with regard to lenses in Chapter 25. A parabolic reflector, 
on the other hand, wIll reflect the rays to a perfect focus. However, because para- 
bolic shapes are much harder to make and thus much more expensive, spherical 
mITTOTS are used for most purposes. (Many astronomical telescopes use parabolic 
reflectors, as do TV satellite dish antennas which concentrate radio waves to 
nearly a point, Fig. 22-19.) We consider here only spherical mirrors and we will 
assume that they are small compared to their radius of curvature so that the 
1mage 1s sharp and Eq. 23—1 holds. 
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Image Formation—Ray Diagrams 


We saw that for an obJect at mnfiinity, the Image 1s located at the focal point of a 
concave spherical mirror, where ƒ = r/2. But where does the image lie for an 
obJject not at Innfimty? First consider the obJect shown as an arrow 1n Eig. 23—15a, 
which 1s placed between F and C at poïnt O (O for object). Let us determine where 
the image will be for a g1ven point O“ at the top of the object, by finding the point 
where rays drawn from the tip of the arrow converge after reflecting from 
the mirror. To do this we can draw several rays and make sure these reflect 
from the mirror such that the angle of reflection equals the angle of incidence. 


(a) Ray 1 goes out from 
O/ parallel to the axis 
and reflects through E. 


(b) Ray 2 goes through F 
and then reflects back 
parallel to the axIs. 


(C) Ray 3 is perpendicular 
to mirror, and so must 
reflect back on 1fself 
and go through C 
(center of 
curvature). 


Diverging rays 
heading toward eye 


Many rays could be drawn leaving any pomt on an obJect, but determining the Image 
position 1s faster 1Ÿ we deal with three particular rays. These are the rays labeled 
1,2, and 3n Eig.23—15 and we draw them leaving object point O“ as follows: 


Ray 1 leaving O“ is drawn parallel to the axis; therefore after reflection it must 
pass along a line through E, Eig. 23—15a (just as parallel rays did in Eig.23—14). 
Ray 2 leaves O“ and 1s made to pass through F (Eig. 23—15b); therefore it must 
reflect so 1t is parallel to the axis. (In reverse, a parallel ray passes throuph E.) 


Ray 3 1s drawn along a radius of the spherical surface (Eig. 23-15c) and 1s 
perpendicular to the mirror, so 1t 1s reflected back on ifself and passes 
through C, the center of curvature. 


AlI three rays leave a sinele point O” on the object. After reflection from a (small) 
mirror, the point at which these rays cross 1s the Iimage point [“. All other rays 
from the same object point will also pass through this image poimt. To find the 
1mage point for any obJect point, only these three types of rays need to be drawn. 
Only two of these rays are needed, but the third serves as a check. 

We have shown the Image point 1n Eig. 23—15 only for a single point on the 
obJect. Other points on the obJect are Imaged nearby. For instance, the bottom of 
the arrow, on the principal axis at point O, 1s Imaged on the axiIs at point I. So a 
complete image of the object is formed (dashed arrow In Eig.23—15c). Because the 
light actually passes through the Image, this is a real image that will appear on a 
white surface or film placed there. This can be compared to the virtual Image 
formed by a plane mirror (the light does not pass through that Image, Fig. 23—7). 

The Image In Eig.23—15 can be seen by the eye only when the eye 1s placed to 
the left of the Image, so that some of the rays đ/uerging from each poïnt on the Image 
(as pornt L') can enter the eye as shown in Fig.23—15c (just as in Figs.23—1 and 23-7). 


FIGURE 23-15 Rays leave point O“ 
on the object (an arrow). Shown 
are the three most useful rays for 
determining where the image l' Is 
formed. [Note that our mirror is not 
small compared to ƒ, so our diagram 
wIll not øive the precise position of 
the image.] 


RBRAY DIAGRAM 
tinding the Image position 
{or a curUed mirror 


jỂ pnosLeM SOLVING 


lmage poinf is tuhere 
reflected rays intfersect 
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Mirror Equation and Magnification 


Image poinfs can be determined, rouphly, by drawing the three rays as Just described, 
Hig. 23-15. But 1t 1s difficult to draw small angles for the “paraxIal” rays as we 
assumed. For more accurate resulfs, we now đerive an equation that g1ves the Image 
distance 1f the obJect distance and radius of curvature of the mirror are known. 
To do thís, we refer to Eig.23—16. The object distance, đ2, 1s the distance of the obJect 
(point O©) from the center of the mirror. The image distanee, đ;, is the distance of 
the image (point I) from the center of the mirror. The height of the obJect OO” 1s 
called „ and the height of the image, L[, 1s ñ;¡. Two rays leaving O” are shown: 
O“FBI' (same as ray 2 in Fig. 23—15) and O“ AI, which is a fourth type of ray that 
reflecfs at the center of the mirror and can also be used to find an Image poInt. 


FIGURE 23-16 Diagram for 
deriving the mirror equation. For the 
đerivation, we assume the mirror 
sIze 1s small compared to 1s radIus 
Of curvafure. 


The ray O“AI' obeys the law of reflection, so the two right triangles O'“AO and 
[AI are similar. Therefore, we have 


For the other ray shown, O“FBI/, the triangles O“EFO and AFB are also similar 
because the angles at F are equal and we use the approximation AB = h; (miror 
small compared to i(s radius). Furthermore FA = ƒ, the focal length of the 
ITNTTOT, SO 


họ _— OF _— đo — ƒ. 


hị FA ƒ 
The left sides of the two preceding expresslons are the same, so we can equate 
the right sides: 
đ — do " tị 
đh 7 
We now divide both sides by đ„ and rearrange to obtain 
1 1 1 
Mirror equation — + — =_—- (23-2) 
dd ƒ 


Thịs 1s the equation we were seeking. It is called the mirror equafion and relates 
the object and image distances to the focal length ƒ(where ƒ = r/2). 

The mirror equation also holds for a plane mirror: the focal length 1s 
ƒ = r/2 = œ (Eq.23-1), and Eq.23-2 gives đ¡ = —đQ. 
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The magnificafion, 7, of a mirror 1s defined as the height of the Image 
divided by the height of the obJect. From our first set of similar triangles in 
Fig. 23—16, or the first equation Just below Fig. 23—16, we can WTIfe: 

¬. 1... (23-3) 
xa w%w: ã 
The minus sign1n Eq. 23—3 1s Inserted as a convention. Indeed, we must be careful about 
the signs of all quantities in Eqs. 23-2 and 23—3. Sign conventions are chosen so as 
to g1ve the correct locations and orIentations of 1mages, as predicted by ray diaprams. 
The sign conyenfions we use are: 


1. the image height ñ¡ is positive 1Ÿ the image 1s upright, and negative 1ƒ inverted, 
relative to the object (assuming hạ is taken as positIve); 

2. dịor đẹ1s positive If1mage or object 1s in front of the mirror (as in Eig.23—16); 
1f either image or obJect 1s behind the mirror, the corresponding distance 1s 
negative. [An example of đ; < 0 can be seen in Eig. 23—17, Example 23~6.]Ï 


Thus the magnification (Eq. 23-3) is positive for an upripht image and negative 
for an Iinverted image (upside down). We summar1ze siøn conventions more fully 
1n the Problem Solving Strategy following our discussion of convex mirrors later 
1n this Section. 


Concave Mirror Examples 


Image in a concave mirror. A 1.50-cm-high object is 
placed 20.0 cm from a concave mirror with radius of curvature 30.0 em. Deter- 
mine (2) the position of the image, and (b) Its S1ze. 

APPROACH We determine the focal length from the radius of curvafure 
(Eq. 23-1), ƒ = r/2 = 15.0cm. The ray diagram is basically the same as 
Fig. 23-16, since the object 1s between F and C. The position and size of the 
image are found from Eqs. 23—2 and 23—3. 

SOLUTION Referring to Eig. 23-16, we have CA = r = 30.0cm, FA = ƒ = 
15.0cm, and OA = 4đ, = 20.0 cm. 

(a) We start with the mirror equation, Eq. 23~2, rearranging it (subtracting (1/đ,) 
from both sides): 


È.. j! # 1 1 
= = <.i0i0i@7 ciú75, 
d ƒ dạ 150cm 200cm 0S) 


So d; = 1/(0.0167 cm) = 60.0cm. Because đ; 1s positIve, the Image 1s 60.0 cm 
1n front of the mirror, on the same side as the obJect. 


(b) EFrom Eq. 23-3, the magnification 1s 


đ, 60.0 em 
= —=3.00. 
“ đo 20.0cm 
The 1mage 1s 3.0 times larger than the object, and 1(s height 1s 
hị = mhạ = (-=3.00)(15cm) = —4.5cm. 


The minus sign reminds us that the Image 1s Inverted, as shown 1n Fig. 23-16. 


NOTE When an obJect 1s further from a concave mirror than the focal point, we 
can see from FEig. 23—15 or 23—16 that the Image 1s always 1nverted and real. 


CONCEPTUAL EXAMIPLE 23-5 | Reversible rays. If the objectin Example 23—4 


1s placed instead where the Imaøge 1s (see Fip.23—16), where will the new image be? 


RESPONSE The mirror equation is synefric 1n đụ and đ;. Thus the new Image 
wIll be where the old obJect was. Indeed, in Fig.23—16 we need only reverse the 
đirection of the rays to øget our new situafion. 


Tđo is always positive for a real object; dạ < 0 can happen only if the object is an image formed by 
another mirror or lens—see Example 23—16. 


l# PROBLEM SOLVING 
SigH COHU€HfiOHS [OT HTFOTS 


@©cAurion 
Remermber to take the reciprocal 
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FIGURE 23-17 Object placed within the focal 
point E. The image 1s behind the mirror and is 
®iriual, Example 23—6. [Note that the vertical scale 
(height of object = 1.0 cm) is different from the 
horizontal (OA = 10.0 em) for ease of drawing, 
and reduces the precision of the drawing.] 


@ÒPHvsics APPLIED 
Magnifying mirror: 
Seeing yourselƒ upright and 
magHfied in a COnCqUẺ HÌrrOF 


Object closer to concave mirror than focal point. 
A 1.00-cm-hiph obJect 1s placed 10.0 cm from a concave mirror whose radius Of Cur- 
vature 1s 30.0 em. (2) Draw a ray diagram to locate (approximately) the position of 
the mage. (b) Determine the position of the immage and the magnification analytically. 


APPROACH We draw the ray diapram using the rays as In Fig.23—15, page 651. 
An analytic solution uses Eqs. 23—1, 23—2, and 23-3. 


SOLUTION (2) Since ƒ = r/2 = 15.0 em, the object is between the mirror and 
the focal point. We draw the three rays as described earlier (Fig. 23—15); they are 
shown leaving the tip of the obJect1n Hg.23—17. Ray 1 leaves the tip of our obJect 
heading toward the mirror parallel to the axis, and reflects through E. Ray 2 
cannot head toward F because it would not strike the mirror; so ray 2 musf 
poïnt as 1Ÿ it started at E (dashed line in Fig.23—17) and heads to the mirror, and 
then 1s reflected parallel to the principal axis. Ray 3 1s perpendicular to the 
mirror and reflects back on 1tself. The rays reflected from the mirror diverge and 
so never meet at a point. They appear to be coming from a point behind the 
mirror (dashed lines). This point locates the Imaøe of the tip of the arrow. The 
Image 1s thus behind the mirror and 1s 0irfual. 


(b) We use Eq. 23-2 to find d; when đ„ = 10.0 cm: 


1 _ 1 1 — 1 1 "-... 1 
đ ƒ đ 15.0 em 10.0 cm 30.0 cm 30.0 cm 
Therefore, đ¡j = =30.0cm. The minus sign means the Image 1s behind 


the mirror, which our diagram also showed us. The magnifiicaton 1s 
m = —dj/dạ = —(—30.0cm)/(10.0cm) = +3.00. So the image ¡s 3.00 times 
larger than the object. The plus sign indicates that the Iimage 1s upright (same as 
obJect), which 1s consistent with the ray diagram, Fig. 23-17. 


NOTE The image distance cannot be obtained accurately by measuring on 
Fig. 23—17, because our diagram violates the paraxial ray assumption (we draw 
rays at steeper angles to make them clearly visible). 


NOTE When the object is located inside the focal point oŸ a concave mirror 
(d„ < ƒ), the image is always upright and virtual. If the object O in Eig.23—17 is 
you, you see yourself clearly, because the reflected rays at point Ô (you) are 
diverging. Your 1image 1s upright and enlarged. Thĩs 1s how a shaving or cosmetiC 
mIrror 1S used—you must place your head closer to the mirror than the focal 
pont IÝ you are to see yourself right-side up (see the photograph, Fig. 23—11a). 
[Lf the object 1s beyond the focal point, as in Fig. 23—15, the Image 1s real and 
Iinverted: upside down—and hard to use!] 


Seeing the Image; Seeing Yourself 


For a person”s eye to see a sharp Image, the eye must be at a place where If Infter- 
cepts diverging rays from poinfs on the Image, as 1s the case for the eye”s position 
in Figs. 23-15, 23-16, and 23-17. When we look at normal obJects, we always 
đetect rays diverging toward the eye as shown in Fig. 23—1. (Or, for very distant 
objects like stars, the rays become essentially parallel, as in Fig. 23-12.) 
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TỶ you placed your eye between poinfs O and In Eig. 23—16, for example, couerging 
rays from the obJect OO” would enter your eye and the lens of your eye could not 
bring them to a focus; you would see a blurry Image or no perceptible Image at 
all. [We wIll discuss the eye more In Chapter 25.] 

TỶ you are the object OO” 1n Eig. 23—16, situated between F and C, and are 
trying to see yourself in the mirror, you would see a blur; but the person whose 
eye 1s shown in Fig. 23-16 could see you clearly. If you are to the left of C In 
Hig. 23-16, where đ¿ > 2ƒ, you can see yourself clearly, but upside down. Why? 
Because then the rays arriving from the Iimage wIll be đ70erging at your position 
(Fig.23—18), and your eye can then focus them. You can also see yourself clearly, 
and right side up, if you are closer to the mirror than its focal point (d¿ < ƒ), as 
we saw in Example 23-6, Eig. 23—17. 


FIGURE 23-18 You can see a clear inverted image 

Of your face In a concave mirror when you are beyond C 

(d¿ > 2ƒ), because the rays that arrive at your eye are 
diuerging. Standard rays 2 and 3 are shown leaving point Ò 
on your nose. Ray 2 (and other nearby rays) enfers yOur eye. 
Notice that rays are diverging as they move to the left of 
1mage point I. 


nvex Mirror : 
ca. ác : cÁp, . . - FIGURE 23-19 Convex mirror: (a) the 
The analysis used for concave mirrors can be applied to conyex mirrors. Eventhe  focal point is at E, behind the mirror; 


mirror equation (Eq. 23-2) holds for a convex mirror, although the quantities (b) the image I of the object at O is 
1nvolved must be carefully defined. Figure 23—19a shows parallel rays falling on  virtual, upright, and smaller than the 
a convex mirror. Again spherical aberration is sipnificant (Fig.23—13), unless we  object. [Not to scale for Example 23—7.] 
assume the mirror 1s small compared to 1ts radius of curvature. The reflected rays 
diverge, but seem to come from point E behind the mirror, Eig. 23—19a. Thiĩs 1s 
the focal poinf, and is distance from the center of the mirror (point A) 1s the 
focal length, ƒ. The equation ƒ = r/2 ¡s valid also for a convex mirror. We see 
that an obJect at Infmity produces a virtual image 1n a convex mirror. Indeed, no 
matter where the obJject 1s placed on the reflecting side of a convex mirror, the 
image wIll be virtual and upright, as Indicated in Hg. 23—19b. To find the Image (a) =ƒ—¬ 
we draw rays Í and 3 according to the rules used before on the concave mITTOT, aS 
shown m FEig. 23—19b. Note that although rays 1 and 3 don't actually pass through 
points F and C, the line along which each 1s drawn does (shown dashed). 

The mirror equation, Eq. 23-2, holds for convex mirrors but the focal length ƒ 
and radius oŸ curvature must be considered negative. The proofs left as a Problem. 
lt 1s also left as a Problem to show that Eq. 23—3 for the magmification 1s also valid. 


LVI 
F ¿0LVIy 
tí Spherical Mirrors 3. Sign Convenfions 
ma . (a) When the object, Image, or focal poiïnt 1s on the 
© 1s Kì Bì HERNSLNÿ diagram têy though ` bi tg bị reflecting side of the mirror (on the left in our 
é E0IHEETH/70M15E 18M ĐẾN G002 EGy diagram drawings), the corresponding distance 1s pOSifive. 
œ  SfTV€SASa check, even 1ƒ not precise. From one point If any of these points is behind the mirror (on the 


on the obJect, draw at least two, preferably three, of 
the easy-to-draw rays using the rules described in 
Fig.23—15. The Image pomt 1s where the reflected rays 
Intersect (real Image) or appear to infersect (virtual). 


right) the corresponding distance is negative. 

(b) The image heipht ¡ is positive If the image 1s 
upright, and negative 1f inverted, relative to the 
object (⁄¿ 1s always taken as positIve). 


2. Apply the mirror equafion, Eq. 23-2, and the magni- 
fication equafion, Eq. 23—3. It is crucially Important 
to follow the sign conventions——see the next point. 


4. Check that the analytic solution 1s consistent with 
the ray diagram. 


?Object distances are positive for material objects, but can be negative in systems with more than one mirror or lens—see Section 23-9, 
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€@Pnvysics APPLIED 
CoHU€X reqFUi€tU Iirror 


FIGURE 23-20 Example 23—7. 


TABLE 23-1 lIndices of 
RefractionT 


Material 


'Vacuum 
Afr (at STP) 
'Water 
Ethyl alcohol 
Glass 
Fused quartz 
Crown glass 
Lipht flint 
Plastic 
Acrylic, Lucite, CR-39 
Polycarbonate 
“High-index” 
Sodium chloride 
Diamond 


TA = 589nm. 


EXAMPLE 23-7 | Convex rearview mirror. An exfernal rearview car mITTOFT 
1S convex with a radius of curvature of 16.0 m (Eig. 23-20). Determine the loca- 
tion of the Image and 1ts magnification for an object 10.0 m from the mITTOT. 


APPROACH We follow the steps of the Problem Solving Strategy explicitly. 


SOLUTION 

1. Draw a ray diagram. The ray diagram will be like Eig. 23—19b, but the large 
object distance (d¿ = 10.0m) makes a precise drawing difficult. We have a 
COTV€X mITTOF, SO 7 1s negafive by convenfion. 


2. Mirror and magnification equafions. The cenfer oŸ curvature Of a convex mIr- 
Tror 1s behind the mirror, as 1s 1ts focal point, so we set r = —16.0m so that 
the focal length is ƒ = r/2 = —8.0m. The object is in front of the mirror, 
đ„ = 10.0m. Solving the mirror equation, Eq. 23-2, for 1/d¡ gives 


1 _ 1 1 — 1 1 — 10.080 _- 18 
đ; ƒ_ đa —80m 10.0m 80.0m 80.0m 
Thus đ¡ = —80.0m/18 = —4.4m. Equation 23-3 gives the magnification 
đ; (-4.4 m) 
m = = =_ +0.44. 
đ (10.0m) 


3. Sign conyenfions. The Image distance 1s negative, —4.4m, so the image 1s 
behind the mirror. The magnification 1s 7# = +0.44, so the Image 1s prighi 
(same orientation as object, which 1s useful) and about half what it would be 
1n a plane mITTOT. 


4. Check. Our results are consistent with Eig. 23—19b. 


Convex rearview mirrors on vehicles sometimes come with a warning that 
obJects are closer than they appear in the mirror. The fact that đ¡ may be smaller 
than đ, (as in Example 23—7) seems to confradict this observation. The real reason 
the obJect seems farther away 1s that 1fs Image 1n the convex mITTOT 1s $?dller 
than 1t would be In a plane mirror, and we judge distance of ordinary obJects 
such as other cars mostly by the1r s1ze. 


25-4 Index of Refraction 


W© saw in Chapter 22 that the speed of light in vacuum (like other EM waves) 1s 
c = 2.99792458 x 10Ẻm/s, 

which 1s usually rounded off to 
3.00 x 108m/s 


when extremely precise results are nof required. 

In air, the speed 1s only shightly less. In other transparent materials, such as 
ølass and water, the speed 1s always less than that in vacuum. For example, in water 
light travels at about šc. The ratio of the speed of light in vacuum to the speed 
1n a øIven material is called the index of refractfion, ø, of that material: 

€ 
“nỚ (23-4) 
The Index of refraction 1s never less than 1, and values for various materials are 
gIven 1n Table 23—1. For example, since ø = 1.33 for water, the speed of lipht 


1n Waf€r IS 
c — (3.00 x 10°m/s) 
Đ= = = 2.26 x 10Ẻ®m/s. 
" 1.33 


As we shall see later,  varies somewhat with the wavelength of the light—except 
1n vacuum——so a particular wavelength 1s specified In Table 23—1, that of yellow 
light with wavelength À = 589 nm. 

That light travels more slowly In matter than In vacuum can be explained at 
the atomnic level as being due to the absorption and reemission of light by atoms 
and molecules of the material. 
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Normal 


Source Ị 


Refracted 


Reflected 
ray 


Atr (m) ATr (n2) 
Water (n2) Reflected Water (7) 
Tay Incident 
ray 
Refracted 
ray S §ource 


(a) nạ> mị: Ray bends toward L 


23-5 Refraction: Snell's Law 


When light passes from one transparent medium 1nto another with a different 
1ndex of refraction, some or all of the 1ncident light 1s reflected at the boundary. 
The rest passes Into the new medium. If a ray of light 1s incident at an angle to the 
surface (other than perpendicular), the ray changes direction as It enters the new 
medium. This change in direction, or bending, of the light ray 1s called refracfion. 

Figure 23-21a shows a ray passing from air into water. Angle Ø is the angle 
the incident ray makes with the normal (perpendicular) to the surface and ¡s called 
the angle ofincidence. Angle 0; is the angle of refracfion, the angle the refracted ray 
makes with the normal to the surface. Notice that the ray bends toward the normal 
when entering the water. This 1s always the case when the ray enfers a medium where 
the speed of light is /ess (and the index of refraction is greater, Eq. 23-4). If light 
travels from one medium 1nfo a second where 1fs speed 1s ereaer, the ray bends away 
from the normai; this 1s shown 1n Fig.23—21b for a ray traveling from water to aIr. 


(b)m,>m;: Ray bends away from _L 


Foot appears to be here 


(a) (b) 
Refraction 1s responsible for a number of common optical illusions. For example, 
a person standing in waist-deep water appears to have shortened legs (Fig. 23-22). 
The rays leaving the person”s foot are bent at the surface. The observer's braIn 
assumes the rays to have traveled a straipht-line path (dashed red line), and so the feet 
appear to be higher than they really are. Similarly, when you put a straw In water, If 


appears to be bent (Fig. 23—23). This also means that water 1s deeper than it appears. 


SnelUs Law 


The angle of refraction depends on the speed of light mm the two media and on the 
incident angle. An analytic relation between Ø¡ and ; in Eig. 23-21 was arrived 
at experimentally about 1621 by Willebrord Snell (1591—1626). Known as Snells law, 
1{ 1S WTIften: 

(23-5) 


6; 1s the angle of1ncidence and 6; 1s the angle of refraction; #¡ and 7; are the respec- 
tive Indices of refraction 1n the materials. See Fig. 23-21. The incident and refracted 
rays lie 1n the same plane, which also includes the perpendicular to the surface. 
Snell's law 1s the law of refraction. (Snell' law was derived In Section 11—13 
for water waves where Eq. 11-20 1s just a combination of Eqs. 23-5 and 23-4, 
and we derive It again In Chapter 24 using the wave theory of light.) 

SnelI*% law shows that 1Ý #ø; > ñ¡, then Ø; < 0;. Thus, 1 lipht enters a medium 
where ø 1s øreater (and 1s speed 1s less), the ray 1s bent toward the normal. And If 
nạ < mị, then Ø; > Ø¡, so the ray bends away from the normail. See Fig. 23-21. 


m;sin0, = nm;sin0;. 


FIGURE 23-21 Refraction. 

(a) Lipht refracted when passing from 
aIr (m) 1nfo wafer (nạ): Hạ > HỊ. 

(b) Light refracted when passing from 
water (m) 1nfO aIr (nạ): mị > mạ. 


@©cAurion 
Angles oƒimcidence and refraction 
are mmeasured from the perpendicula, 
not from the surƒace 


FIGURE 23-22 (a) Photograph, and (b) ray diagram 
showing why a person”s legøs look shorter standing In 
water: a ray from the bather”s foot to the observer”s 
eye bends at the water”s surface, and our brain 
1nterprets the lipht as traveling in a straipht line, 
from higher up (dashed line). 


FIGURE 23-23 A straw in water 
looks bent even when It Isn't. 


QQ 


SNELLS LAW 
(LAW OF REFRACTION) 
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EXERCISE € Lipht passes from a medium with ø = 1.3 (water) Iinto a medium with 
n = 1.5 (glass). Is the light bent toward or away from the perpendicular to the interface? 


EXAMPLE 23-8 | Refraction through flat glass. Light traveling in air strikes 

a flat piece of uniformly thick glass at an Incident angle of 60.0”, as shown 1n 
Fig. 23-24. If the index of refraction of the glass is 1.50, (đa) what 1s the angle of 
refraction Øa in the glass; (b) what is the angle Ø0; at which the ray emerges from 
the glass? 
APPROACH We apply Snell's law twice: at the first surface, where the light enters 
the glass, and again at the second surface where 1t leaves the ølass and enters the air. 
SOLUTION (ø) The mncident ray 1s in arr, so ø; = 1.00 and ứ; = 1.50. Applying 
Snell's law where the light enters the glass (0, = 60.0°, Ø; = ØA) gives 


(1.00) sin 60.0° = (1.50) sin 0, 


OT 
`. Ơn 
from “Image” (where object SInØA = 150 sin60.0° = 0.5774, 
object appears to be) when d0, =35.3° : 
viewcd from above SHÓ ĐA, — nhang 


through the glass 


FIGURE 23-24 Light passing 
throuph a piece of glass 
(Example 23-8). 


(b) Since the faces of the glass are parallel, the incident angle at the second surface 
1s alsO ØA (øeeometry), so sinØA = 0.5774. At this second Interface, ứú¡ = 1.50 
and 7ø; = 1.00. Thus the ray re-enters the aIr at an angle Øp; given by 


1.50 
sinØg = 10o SHỚA = 0.866, 


and Øg = 60.0°. The direction of a lipht ray 1s thus unchanged by passing 
through a flat piece of glass of uniform thickness. 


NOTE This result is valid for any angle of incidence. The ray ¡s displaced sliphtly 
to one side, however. You can observe this by looking through a plece of glass 
(near Its edge) at some obJect and then moving your head to the side slightly so 
that you see the obJect directly. It “Jumps.” 


Apparent depth of a pool. A swimmer has dropped her 
goggles to the bottom of a pool at the shallow end, marked as 1.0m deep. But 
the goggles don't look that deep. Why? How deep do the goggles appear to be 
when you look straight down 1nto the water? 


SŠ*CAUTION treal life) 

Water is deeper than it looks 
APPROACH We draw a ray diagram showing two rays øoing upward from a poinf 
on the goggles at a small angle, and being refracted at the water”s (flat) surface, 
Hig. 23-25. The two rays traveling upward from the goggles are refracted a+0ay 
from the normal as they exit the water, and so appear to be diverging from a 
point above the goggles (dashed lines), which 1s why the water seems less deep 
than it actually ¡s. We are looking straight down, so all anples are small (but exag- 
gerated in Fig. 23-25 for clarity). 


SOLUTIONL To calculate the apparent depth đ' (Eig. 23-25), given a real depth 
đd = 1.0m, we use Snell's law with ” = 1.33 for water and ø; = 1.0 for a1r: 


FIGURE 23-25 Example 23-9. 


sin 0; = 7 sin\. 
We are considering only small angles, so sin Ø % tan Ø + Ø0, with 0n radians. So 
Snell's law becomes 

6; lời 1n 6). 
From FEig. 23-25, we see that Ø; + tan6; = x/đ and 6¡ + tan6; = x/d. Put- 
ting these Into Snell's law, Ø; + 7;Ø;, we get 


Goggles 


x + 
Z TNg 
= dc 10 
.‹U”ím 
#746 @ CC èt\\(fSjn, 
m6 133 tống 


The pool seems only three-fourths as deep as 1t actually 1s. 
NOTE Water in general 1s deeper than it looks——a useful safety guideline. 
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23—6 Total Internal Reflection; 
Fiber Optics 


When light passes from one material into a second material where the Index of 
refraction 1s less (say, fom water Info air), the refracted light ray bends away from 
the normal, as for rays I and J in Eig. 23-26. At a particular incident angle, the 
angle of refraction will be 90°, and the refracted ray would skim the surface (ray K). 


Source 


The mcident angle at which this occurs 1s called the crifical angle, c. From 
Snells law, Øc 1s g1Iven by 

: Họ . 3 H2 

sinÓc = Đr sin90° = HN (23-6) 
For any incident angle less than đc, there wIll be a refracted ray, although part of 
the light wIll also be reflected at the boundary. However, for incident angles 6; 
greater than 6c, Snells law would tell us that sinØ; (= ”¡ sin6;/ø;) would be 
greater than 1.00 when 7ø; < øứ¡. Yet the sine of an angle can never be greater 
than 1.00. In this case there 1s no refracted ray at all, and all oƒ the light is 
reflected, as for ray L 1n Eig. 23—26. Thịs effect 1s called total internal reflection. 
Total internal reflection occurs only when light strikes a boundary where the 
medium beyond has a /2+øer index of refraction. 


CONCEPTUAL EXAMIPLE 23-10 | View up from under water. Describe 


what a person would see who looked up at the world from beneath the perfectly 
smooth surface of a lake or swimming pool. 


RESPONSE For an air-water interface, the critical angle 1s gIven by 


1.00 
| = ——_— = Ú.7%. 
smức = 1422 ø 
Therefore, Øc = 49”. Thus the person would see the outside world compressed 
Iinto a circle whose edge makes a 49° angle with the vertical. Beyond this angle, 
the person would see reflectlons from the sides and bottom of the lake or pool 
(Eig. 23-27). 


EXERCISED Lipht traveling In air strikes a glass surface with z = 1.48. Eor what range 
of angles wIll total internal reflection occur? 


FIGURE 23-26 Since my < m¡, lipht rays are totally 
Internally reflected 1f the incident angle 0; > Úc, 
as for ray L. lÝ Ø8; < 6c, as for rays I and ], only a 
part of the light is reflected, and the rest is refracted. 


$*CAUTION 
Total internal reƒflection 
(occurs only tƒ refractiue 
imdex ¡s smaller beyond boundary) 


N FIGURE 23-27 (a) Light rays entering 
submerged person”s eye, and (b) view 
looking upward from beneath the 


| 

49°449° # 
"my Á water (the surface of the water must 
| be very smooth). Example 23-10. 


` 


(a) (b) 
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FIGURE 23-28 Total internal 
reflection of lipht by prisms In 
binoculars. 


€đÒpHvysics APPLIED 


Fiber OoptiCs i1 COMINHHICAafions 
and medicine—bronchoscopes, 
colonoscopes, endoscopes 


FIGURE 23-29 L¡ipht reflected 
totally at the InterIor surface of a 
ølass or transparent plastic fiber. 


“<< 


FIGURE 23-30 (a) How a fiber- 
optic image is made. (b) Example of 
a fiber-optic device Inserted through 
the mouth to view the vocal cords, 
with the Iimage on screen. 


Many optical Instruments, such as binoculars, use total internal reflection 
within a prism to reflect lipht. The advanfage 1s that very nearly 100% of the light 
1s reflected, whereas even the best mirrors reflect somewhat less than 100%. Thus 
the imaøse 1s brighter, especially after several reflections. For glass with „ = 1.50, 
6c = 41.8°. Therefore, 45° prisms will reflect all the light internally, 1Ý oriented as 
shown In the binoculars of Eig. 23—28. 


| EXERCISEE_ What would happen 1Ý we immersed the 45° glass prisms in Fig.23—28 In water? 


Fiber Optics; Medical Instruments 


Total internal reflection 1s the principle behind fiber opfics. Glass and plastic 
fibers as thin as a few micrometers in diameter are commonly used. A bundle 
of such slender transparent fibers is called a light pipe or fiber-optic cable. 
Light can be transmitted along the fiber with almost no loss because of total internal 
reflection. Figure 23-29 shows how light traveling down a thĩn fiber makes only 
glancing collisions with the walls so that total internal reflection occurs. Even If 
the light pIpe 1s bent gently into a complicated shape, the critical angle still won”t be 
exceeded, so light 1s transmitted practically undiminished to the other end. Very 
small losses do occur, mainly by reflection at the ends and absorption withm the fiber. 

Important applications of fiber-optic cables are in communications and med- 
1cine. They are used In place of wire to carry telephone calls, video signals, and 
computer data. The signal is a modulated light beam (a light beam whose intensity 
can be varied) and data 1s transmitted at a much higher rate and with less loss and 
less Interference than an electrical signal In a copper wire. Fibers have been devel- 
oped that can support over one hundred separate wavelengths, each modulated to 
carry more than 10 gigabits (10'” bits) of information per second. That amounts to a 
terabit (10? bits) per second for one hundred wavelengths. 

The use of fiber optics to transmit a clear picfure 1s particularly useful in medicine, 
Fig. 23-30. For example, a patienfs lungs can be examined by inserting a fiber-optic 
cable known as a bronchoscope through the mouth and down the bronchial tube. 
Lipht 1s sent down an outer set of fibers to 1lluminate the lungs. The reflected light 
returns up a central core set of fibers. Lipht directly in front of each fiber travels up 
that fiber. At the opposite end, a viewer sees a serIes of bright and dark spofts, much 
like a TV screen——that 1s, a picture of what lies at the opposite end. Lenses are used 
at each end of the cable. The Image may be viewed directly or on a monIfor screen 
or film. The fibers must be optically insulated from one another, usually by a thi 
coating of material with Index of refraction less than that of the fiber. The more fibers 
there are, and the smaller they are, the more detailed the picture. Such Instruments, 
including bronchoscopes, colonoscopes (for viewing the colon), and endoscopes 
(stomach or other organs), are extremely useful for examining hard-to-reach 
places. 


TEiber-optie đevices use not only visible light but also infrared light, ultraviolet light, and microwaves. 
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Double Planoconvex (Convex 
COnVex meniscus 


(a) Converging lenses 


(e) (a) KH 


Double Planoconcave Concave 
Concave meniscus FIGURE 23-31 (a) Converging lenses and (b) diverging lenses, shown in cross secfion. 
(b) Diverging lenses Converging lenses are thicker at the center whereas diverging lenses are thicker at the edges. 


(c) Photo of a converging lens (on the left) and a diverging lens (right). (d) Converging lenses 
(above), and diverging lenses (below), lying flat, and raised off the paper to form Images. 


23-7 Thin Lenses; Ray Tracing 


The most important simple optical device 1s the thin lens. The development of 
optical devices using lenses dates to the sixteenth and seventeenth centuries, 
although the earliest record of eyeglasses dates from the late thirteenth century. 
Today we find lenses In eyeglasses, cameras, magmifyIng ølasses, telescopes, 
binoculars, microscopes, and medical Instruments. A thin lens 1s usually circ- 
ular, and 1(s two faces are portions of a sphere. (Cylindrical faces are also 
possible, but we will concentrate on spherical.) The two faces can be concave, 
convex, or plane. Several types are shown 1n Figs. 23—31a and b In cross section. 
The Iimportance of lenses 1s that they form Images of obJects——see Flg. 23—32. 


Consider parallel rays striking the double convex lens shown 1n cross secfion In 
Hig. 23-33. We assume the lens 1s made of transparent material such as gÌasS OT 
transparent plastic with ndex of refraction greater than that of the air outside. The 
axis Of a lens 1s a straight line passing through the center of the lens and perpen- 
dicular to 1s two surfaces (Fig.23—33). From Snell's law, we can see that each ray in 
Fig. 23—33 1s bent toward the axis when the ray enters the lens and again when 1t 
leaves the lens at the back surface. (Note the dashed lines indicating the normals to 
each surface for the top ray.) If rays parallel to the axIs fall on a thin lens, they will be 
focused to a point called the focal poïnt, E. This wIll not be precisely true for a lens 
with spherical surfaces. But 1t wIll be very nearly true——that 1s, parallel rays wIll be 
focused to a tiny region that 1s nearly a point—If the diameter of the lens 1s small 
comparcd to the radii of curvature of the two lens surfaces. This crIterIon 1s safIS- 
fied by a thin lens, one that 1s very thĩn compared to 1ts diameter, and we consider 
only thin lenses here. 


SECTION 23-7 


FIGURE 23-32 Converging lens 

(in holder) forms an image (large “F” 
on screen at right) of a bright 

object (iluminated “E” at the left). 


FIGURE 23-33 Parallel rays are 
brought to a focus by a converging 
thm lens. 


F _AxXis 


E—#—— 
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FIGURE 23-34 Imase of the Sun 
burning wood. 


FIGURE 23-35 Parallel rays at an 
angle are focused on the focal plane. 


RBAY DIAGRAM 
Tinding the Image position 
ƒormed by a thin lens 
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The rays from a pomt on a distant obJect are essentially parallel—see Hg. 23—12. 
Therefore we can say that (he ƒocal poïmt ¡is the iémage poimt ƒor an object at in[finity 
on the lens axis, Flig. 23-33. Thus, the focal poIint of a lens can be found by 
locating the point where the Sun”s rays (or those from some other distant obJect) are 
brought to a sharp Image, Fig. 23-34. The distance of the focal point from the 
center of the lens is called the focal length, ƒ, Eig. 23-33. A lens can be turned 
around so that light can pass throuph 1t from the opposite side. The ƒocal length ¡s 
the same on both sides, as we shall see later, even 1ƒ the curvatures of the two lens 
surfaces are different. If parallel rays fall on a lens at an angle, as in Fig. 23—35, they 
focus at a pomt F„. The plane contaming all focus points, such as F and F„in 
Fig. 23—35, 1s called the focal plane of the lens. 

Any lens (in air) that 1s thicker in the center than at the edges will make par- 
allel rays converge to a point, and is called a converging lens (see Fig. 23-31a). 
Lenses that are thinner ¡n the center than at the edges (Eig. 23-31b) are called 
diverging lenses because they make parallel light diverge, as shown In Eig. 23—36. 
The focal point, F, of a diverging lens 1s defined as that point from which refracted 
Tays, Originafing from parallel incident rays, seem to emerge as shown 1n Fig. 23—36. 
And the distance from E to the center of the lens ¡is called the focal length, ƒ, Just 
as for a converging lens. 

EXERCISE F Return to Chapter-Opening Question 2, page 644, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Optometrists and ophthalmologisfs, Instead of using the focal length, use the 
reciprocal of the focal length to specify the strength of eyeglass (or contact) lenses. 
Thịs 1s called the power, , of a lens: 

1 
P = -- ¬ 
F (23-7) 
The unit for lens power is the điopter (D), which is an inverse meter: 1D = 1m. 
For example, a 20-cm-focal-length lens has a power ? = 1/(0.20m) = 5.0D. 
We will mainly use the focal length, but we wIÏll refer agaIn to the power of a lens 
when we discuss eyeplass lenses in Chapter 25. 

The most Important parameter of a lens 1s 1ts focal length ƒ, which 1s the same 
on both sides of the lens. For a converging lens, ƒ can be measured by finding 
the image point for the Sun or other distant objects. Once ƒ1s known, the Image 
posttion can be determincd for any obJect. To fnd the Image point by drawing rays 
would be difficult 1 we had to determine the refractive angles at the front surface 
Of the lens and again at the back surface where the ray exIts. We can save ourselves 
a lot of effort by making use of certain facts we already know, such as that a ray 
parallel to the axis of the lens passes (after refraction) throuph the focal point. 
To determine an Image point, we can consider only the three rays Indicated in 
Fig. 23-37, which uses an arrow (on the left) as the object, and a converging lens 
forming an image (dashed arrow) to the ripht. These rays, emanating from a single 
pornt on the obJect, are drawn as 1f the lens were Infmitely thin, and we show only 
a single sharp bend at the center line of the lens instead of the refractions at each 
surface. These three rays are drawn as follows: 


Ray 1 1s drawn parallel to the axis, Fig.23—37a; therefore 1t 1s refracted by the 
lens so that 1t passes along a line throuph the focal point F behind the lens. 


Ray 2 is drawn to pass throuph the other focal point E” (front side of lens 
im Eig. 23-37) and emerge from the lens parallel to the axis, Fig. 23-37b. 
(In reverse it would be a parallel ray goïng left and passing throuph F”.) 


Ray 3 1s directed toward the very center of the lens, where the two surfaces are 
essentially parallel to each other, Eig. 23—37c. This ray therefore emerges from 
the lens at the same angle as 1t entered. The ray would be displaced slightly 
to one side, as we saw in Example 23-8; but since we assume the lens 1s thin, 
we đraw ray 3 straight through as shown. 


The point where these three rays cross 1s the Image point for that obJect point. 
Actually, any two of these rays will suffice to locate the Image poimt, but drawing 
the third ray can serve as a check. 


Center line 


(a) Ray I leaves one point on object 
going parallel to the axis, then 
refracts through focal point behind 
the lens. 


FIGURE 23-37 Finding the 
image by ray tracing for a 
converging lens. Rays are 
shown leaving one point on 
the object (an arrow). Shown 
are the three mosf useful 
Tays, leaving the tip of the 
object, for determining 
where the Image of that 
point 1s formed. (Note that 
the focal poimts F and Fˆ on 
either side of the lens are 
the same distance ƒ from 

the center of the lens.) 


(b) Ray 2 passes through F” in front of the 
lens; therefore it 1s parallel to the axIs 
behind the lens. 


(c) Ray 3 passes straight through the 
center of the lens (assumed very thin). 


Using these three rays for one obJect point, we can find the Image poInt for FIGURE 23-38 (a) A converging 
that point of the object (the top of the arrow 1n Eig. 23-37). The Image points for lens can form a real image (here oŸa 
all other points on the object can be found similarly to determine the complete  distant building, upside down) on a 
image of the object. Because the rays actually pass through the image for the case _ White wall. (b) That same real image 
shown in Eig. 23—37, it is a real image (see pages 647 and/or 651). The image iSlso directy visible to the eye. 
could be detected by film or electronic sensor, and actually be seen on a white JElDiiEL2515910:0HEDRSTIREPS ILETDIDH 
surface or screen placed at the position of the Image (Fig. 23—38). E857) 5008 TETHCWE THA09 DI THEND 


diverging and converging lenses. ] 
CONCEPTUAL EXAMIPLE 23-†1 | Half-blocked lens. What happens to the : 
image of an obJect 1ƒ the top half of a lens 1s covered by a piece of cardboard? 


RESPONSE Let us look at the rays 1n Fig.23—37. IÝ the top half (or any half of the 
lens) is blocked, you might think that half the image 1s blocked. But in Fig. 23—37c, 
we see how the rays used to create the “top” of the image pass through both 
the top and the bottom of the lens. Only three of many rays are shown——many 
mOre rays pass through the lens, and they can form the Image. You donÝt lose 
the image. But covering part of the lens cuts down on the total light recerved and 
reduces the brightness oŸ the Image. 


NOTE Tf the lens is partially blocked by your thumb, you may nofice an out of 
focus Iimage oŸ part of that thumb. 


Seeing the Image 

The image can also be seen directly by the eye when the eye 1s placed behind the 
1mage, as shown In EFig.23—37c, so that some of the rays diverging from each point 
on the image can enter the eye. We can see a sharp image only for rays đ/0erging 
from each point on the Image, because we see normal objJec(s when diverging rays 
from each point enter the eye as shown In Eig. 23—1. A normal eye cannot focus 
COnVergIng rays; 1Ï your eye was posifIoned between poinfs E and Iin Hg.23—37c, 
1t would not see a clear image. (More about our eyes in Section 25—2.) Figure 23-38 
shows an Image seen (a) on a white surface and (b) directly by the eye (and a camera) 
placed behind the image. The eye can see both real and virtual images (see nexf 
p2ge) as long as the eye 1s positioned so rays diverging from the image enter II. 
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FIGURE 23-39 Finding 
the image by ray tracing 
for a diverging lens. 


FIGURE 23-40 Deriving the lens equation 
for a converging lens. 


THIN LENS EOUATION 
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Diverging Lens 

By drawing the same three rays emerging from a single obJect point, we can deter- 
mine the image position formed by a diverging lens, as shown in Eig. 23-39. Note 
that ray 1 1s drawn parallel to the axIs, but does not pass throueh the focal pomt F” 
behind the lens. Instead it seems to come (dashed line) from the focal poimnt Fin front 
of the lens. Ray 2 1s directed toward E” and 1s refracted parallel to the lens axIs 
by the lens. Ray 3 passes directly through the center of the lens. The three refracted 
Tays Seem to emerge from a point on the left of the lens. Thĩs 1s the Image pomt, I. 
Because the rays do not pass through the Image, 1 1s a virtual image. Note that the 
eye does not distinguish between real and virtual images——both are visible. 


25-8 The Thin Lens Equation 


W© now đerive an equation that relates the image distance to the obJect distance 
and the focal length of a thin lens. This equation wIll make the determination of 
Image posifion quicker and more accurate than doïng ray tracing. Let đ„ be the 
object distance, the distance of the obJect from the center of the lens, and đ; be the 
Image distance, the distance of the Image from the center of the lens, Eig. 23-40. 


IEEMEr 
E đồ - đ „ 


Let h¿ and h; refer to the heiphts of the obJect and Image. Consider the two rays shown 
1n Hg. 23—40 for a converging lens, assumed to be very thĩn. The right triangles FL'I 
and FBA (highlighted in yellow) are similar because angle AFB equals angle IFIL'; 


SO 
k §CG.. cai ij 
họ ự 
since lensgth AB = hạ. Triangles OAO” and LAI are similar as well. Therefore, 
hị — đi 
họ dụ 


We equate the right sides of these two equations (the left sides are the same), and 
divide by đ; to obtain 


2... 16 
ƒ đ; đ 
l9) 
1 1 1 
TU TU 23- 
„n7 ưng 


Thịs 1s called the thin lens equafion. It relates the image distance đ; to the obJect 
distance đ„ and the focal length ƒ It is the most useful equation in øeometric OpfICs. 
(Interestinply, it is exactly the same as the mirror equation, Eq. 23-2.) 

Tf the object is at infinity, then 1/2, = 0, so đ¡ = ƒ. Thus the focal length is 
the image distance for an oblJect at mÏimty, as mentioned earlier. 


We can derive the lens equation for a diverging lens using Fig. 23-41. Trian- 
gles LAI and OAO' are simllar; and triangles IFIL“ and AEB are similar. Thus 
(noting that lensth AB = ”h„) 


hị — dị 
¬vưr 
and 
im... 
họ ƒ 
'When we equate the ripht sides of these two equations and simplify, we obtain 
1 1 T. 
dọ đi ƒ 


Thịs equation becomes the same as Eq. 23—8 1ƒ we make ƒ and đ; negative. That 1s, 
we take ƒ to be negafiue for a diuerging lens, and đ; negative when the Image 1s on 
the same side of the lens as the light comes from. Thus Eq. 23—8 wIll be valid for 
both converging and diverging lenses, and for z/ situations, 1Ý we use the follow- 
Ing sign convenfions: 


1. The focal length 1s positive for converging lenses and negative for diverging lenses. 

2. The object distance 1s positive 1ƒ the obJect is on the side of the lens from which 
the lght 1s coming (this 1s always the case for real obJectfs; but when lenses 
are used in combination, it mipht not be so: see Example 23—16); otherwise, 
1f 1S negafIve. 

3. The image distance 1s postfive 1f the immage 1s on the opposite side of the lens from 
where the light 1s coming: 1Ÿ 1t is on the same side, đ; 1s negative. Equivalently, 
the image distance Is positive for a real Iimage (Eig. 23-40) and negative for 
a virtual image (Eig. 23-41). 

4. The height ofthe image, h;, is positive 1ƒ the Image 1s upripht, and negative 1ƒ the 
Image Is inverted relative to the object. (hạ is always taken as upripht and posifive.) 


The magnificafion, 7, of a lens 1s defined as the ratio of the image heipht to 
object heigpht, m = h;/hạ. From Figs. 23-40 and 23-41 and the conventions just 
stated (for which we will need a minus sign), we have 


m= <= (23-9) 


For an upright image the magnificaftion 1s posifive, and for an Inverted image the 
mnagnification 1s negatIve. 

From sien convention 1, ¡t follows that the power (Eq. 23-7) of a converging 
lens, In diopfters, 1s posifIve, whereas the power of a diverging lens 1s negative. 
A converging lens 1s sometimes referred to as a posifive lens, and a diverging lens 
as a negafive lens. 

Diverging lenses (see Eig. 23—41) always produce an upripht virtual image for 
any real object, no matter where that object 1s. Converging lenses can produce 
real (inverted) images as in Eig. 23-40, or virtual (upripht) images, depending on 
obJect position, as we shalÏ see. 


FIGURE 23-41 Deriving the lens 
equation for a diverging lens. 


@©cAuTioN 
Focal length is negatiue ƒor 
diuerging lens 


# PROBLEM SOLVING 
SIƠN CONVENTIONS for lenses 
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Mại Thin Lenses 2. EFor analytic solutions, solve for unknowns 1n the 
ta thin lens equafion (Eq. 23—8) and the magnification 


©) 
v2 results. Choose one point on the object and draw at 


QoLVIMC 


1. Draw a ray điagram, as precise as possible, but even equation (Eq. 23-9). The thin lens equation involves 


a rough one can serve as confirmation of analytIc reciprocals— don't forget to take the reciprocal. 


least two, or preferably three, of the casy-to-draw 3. Follow the sign convenfions listed Just above. 


rays described in Eigs. 23-37 and 23-39. The image 4. Check that your analytic answers are consisfenf with 
your ray diagram. 


point 1s where the rays Intersect. 


Leaf - j 


100 cm 


FIGURE 23-42 Example 23-12. 


(Nơi 1o sale] EXAMPLE 23-12 | Image formed by converging lens. What ¡s (2) the posi 


tion, and (0b) the size, of the Iimage of a 7.6-cm-high leaf placed 1.00 m from a 
+50.0-mm-focal-length camera lens? 
APPROACH We follow the steps of the Problem Solving Strategy explicitly. 


SOLUTION 

1. Ray diagram. Figure 23-42 is an approximatfe ray diagram, showing only rays 1 
and 3 for a single point on the leaf. We see that the image oupht to be a litte 
behind the focal point E, to the right of the lens. 

2. Thin lens and magnificafion equations. (z) We find the image position analyt- 
1cally using the thin lens equation, Eq. 23-8. The camera lens is converging, 
with ƒ = +5.00 cm, and đj„ = 100cm, and so the thin lens equation ø1ves 


na. 1 1 — 200— 1.0 19.0 
đ; ƒ_ đ 500cm 100cm 100 em 100cm 
Then, taking the reciprocal, 
100 cm 
¡= 190 = 5.26 cm, 


or 52.6 mm behind the lens. 
(b) The magnification 1s 


¬ dị — 3.26cm _ 0.0526, 
đ 100cm 
SO 
hị = mhạ = (=0.0526)(76cm) = —0.40cm. 
The image 1s 4.0 mm hiph. 
3. Sign convenfions. The image distance đ; came out positive, so the Image 1s 
behind the lens. The image height Is h¡ = —0.40 cm; the minus sign means 


the image 1s Imnverted. 
4. Consistency. The analytic results of steps 2 and 3 are consistent with the 
ray diagram, FEig. 23-42: the image 1s behind the lens and inverted. 
NOTE Part (2) tells us that the image 1s 2.6 mm farther from the lens than the 
image for an object at infimty, which would equal the focal length, 50.0 mm. 
Indeed, when focusing a camera lens, the closer the obJect 1s to the camera, the 
farther the lens must be from the sensor or film. 


EXERCISE G_ Tf the leaf (obJect) of Example 23—12 is moved farther from the lens, does 
the image move closer to or farther from the lens? (Don't calculate!) 
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Object close to converging lens. An object is placed 
10 cm from a 15-cm-focal-lensth converging lens. Determine the Image position 
and s1ze (2) analytically, and (b) using a ray diapram. 

APPROACH The object is within the focal point—closer to the lens than the 
focal poInt F as đ¿ < ƒ. We first use Eqs. 23-8 and 23-9 to obftaIn an analytic 
solution, and then confirm with a ray diagram using the special rays 1, 2, and 3 
for a single obJect pomt. 


SOLUTION (a) Given ƒ = 15 cm and đ„ = 10cm, then 


1 1 1 2-3 _-. 
đ; 15cm 10cm 30cm 30cm. 


$*CAUTION 
and đ; = —30cm. (Remember to take the reciprocal!) Because đ; Is negative, Don† ƒorget to take the reciprocal 
the image must be virtual and on the same side of the lens as the object (sign 
convention 3, page 665). The magnification 


đ; —30 cm 0 
m = = = 3.0. 
đ 10cm 


The Image 1s three times as large as the obJect and 1s upripht. This lens 1s being 
used as a magnifying glass, which we discuss in more detail in Section 25—3. 

(b) The ray diapram 1s shown m Fig. 23-43 and confirms the result in part (2). We 
choose point O“ on the top of the object and draw ray 1. Ray 2, however, may 
take some thought: Iƒ we draw it heading toward E”, 1t 1s going the wrong way——sO 
we have to draw It as 1ƒ coming from E” (and so dashed), striking the lens, and 
then goïng out parallel to the lens axis. We proJect it backward, with a dashed 
line, as we must do also for ray 1, in order to find where they cross. Ray 3 1s drawn 
throuph the lens center, and 1t crosses the other two rays at the Image point, I. 


NOTE From Fig. 23-43 we can see that, when an object 1s placed between a 
converging lens and 1ts focal point, the image 1s virtual. 


FIGURE 23-43 An object placed 
within the focal point of a 
converging lens produces a virtual 
1mage. Example 23—13. 


EXAMPLE 23-14 | Diverging lens. Where must a small insect be placed 1f a 
25-cm-focal-length diverging lens 1s to form a virtual Image 20 em from the lens, 
on the same side as the obJect? 

APPROACH The ray diagram 1s basically that of Fig.23—41 because our lens here 
1S divergIng and our Image 1s g1ven as 1n front of the lens within the focal distance. 
(It would be a valuable exercise to draw the ray diagram to scale, precisely, now.) 
The Insect's distance, đ„, can be calculated using the thin lens equation. 

SOLUTION The lens is diverging, so ƒ 1s negative: ƒ = —25cm. The Iimage 
distance must be negative too because the Image is in front of the lens (sign 


convenftions), so đ¡ = —20 cm. The lens equation, Eq. 23-8, øIves 
1 1 1 1 + 1| 4+5 ma 
đ ƒ d, 25cm 20cm 100 em 100cm 


So the obJect must be 100 em In front of the lens. 
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*23—-9 Combinations of Lenses 


Many optical mstrumenfts use lenses in combination. When lipht passes through 
more than one lens, we find the Image formed by the first lens as 1Ý 1t were alone. 
Then this Iimage becomes the øbjecí for the second lens. Next we find the Image 
formed by this second lens using the first Immage as obJect. This second Image 1s 
the final image 1f there are only two lenses. The total magmification wIll be the 
product of the separate magnifications of each lens. Even if the second lens Inter- 
cepts the light from the first lens before 1t forms an Iimage, this technique still 
WOFrks. 


A two-lens system. Two converging lenses, A and B, with 
focal lengths ƒA = 20.0 cm and ƒps = 25.0 cm, are placed 80.0 cm apart, as shown 
1n Fig. 23-44a. An obJect 1s placed 60.0 em In front of the first lens as shown 1n 
Fig. 23-44b. Determine (2) the position, and (5) the magnification, of the final 
image formed by the combination of the two lenses. 


APPROACH Starting at the tip of our object O, we draw rays 1, 2, and 3 for the 
first lens, A, and also a ray 4 which, after passing through lens A, acts for the 
second lens, B, as ray 3' (throuph the center). We use primes now for the standard 
rays relative to lens B. Ray 2 for lens A exifts parallel, and so 1s ray 1' for lens B. 
To determine the position of the image la formed by lens A, we use Eq. 23-8 
with ƒa = 20.0cm and d¿A = 60.0cm. The distance of lạ (lens A's Image) 
from lens B 1s the obJect distance đẹp for lens B. The final Image 1s found using 
the thin lens equation, this time with all distances relative to lens B. For (b) the 
magnifications are found from Eq. 23—9 for each lens In turn. 


SOLUTION (ø) The object 1s a đistance đạaA = +60.0 em from the first lens, A, 
and this lens forms an image whose posifIion can be calculated using the thin lens 


equaftIon: 
1 1 1 1 1 3—1 1 
đị ƒAc đẹA 200cm 60.0cm 60.0 cm 30.0 cm 
@ca UTION So the first Image IA 1s at địA = 30.0cm behind the first lens. This Image 


Object distance becomes the object for the second lens, BH. It 1s a distance đẹp = 
Jor secornd lens ¡s not | 80.0 cm — 30.0 cm = 50.0 cm ïn front of lens B (Hig. 23-44b). The image formed 


cqual to the image ; : : Ẫ . R - 
địt/(Hbe fo# HỊMU SA by lens B, again using the thin lens equation, 1s at a distance đ;g from the lens B: 
1 1 1 HỆ 1 2—1 1 


dịp f1» dẹp 250cm 50.0cm 50.0cm 50.0cm_. 
Hence đj¡; = 50.0cm behind lens B. This 1s the final image—see Fig. 23—44b. 


Lens A Lens B 


FIGURE 23-44 Two lenses, (a) ị 
A and B, used in combination, 
Example 23—15. The small numbers A B 


refer to the easily drawn rays. 
———<⁄⁄Z 
Ũ 


80.0 em 


= 
Sx mm 


Ÿ c 
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(5) Lens A has a magnification (Eq. 23-9) 


`. đA — 300cm _ 0.500. 
đọA 60.0 em 
Thus, the first Image 1s Inverted and 1s half as high as the object (again Eq. 23-9): 
hị = mụhọoA = —0.500họA. 
Lens B takes this first image as obJect and changes 1s height by a factor 
dhp 50.0 em 
ng = EP "XS na 1.000. 


The second lens reinverts the image (the minus sign) but doesn”t change its s1ze. 
The final image height 1s (remember hạp 1s the same as ¡A) 

hạ = mpyhọop = mghịA = mgimAhọA = (mota)hoa.. 
The total magnification 1s the product oŸ7zu and z;, which here equals 7¿tại = 
mụng = (—1.000)(—0.500) = +0.500, or half the original height, and the final 
1mage 1s upright. 


Image point 
made by first lens 
(object point 

for second lens) 


Example 23-16. 


(fnal Image) 


—*Tz 
#ị =28.5 cm—————l 


Measuring ƒ for a diverging lens. To measure the focal 
length of a diverging lens, a converging lens 1s placed in contact with 1t, as shown 
in Eig. 23-45. The Sun”s rays are focused by this combination at a point 28.5 cm 
behind the lenses as shown. If the converging lens has a focal length ƒc of 16.0 cm, 
what 1s the focal length ƒp of the diverging lens? Assume both lenses are thin 
and the space between them 1s negligible. 


APPROACH The image distance for the first lens equals 1ts focal length (16.0 cm) 
since the object distance 1s Infinity (co). The position of this image, even though 
1 1s never actually formed, acts as the object for the second (diverging) lens. We 
apply the thin lens equation to the diverging lens to find 1ts focal length, given 
that the final Image 1s at đ; = 28.5 cm. 


SOLUTION Rays from the Sun are focused 28.5 cm behind the combination, 
so the focal length of the total combination 1s ƒr = 28.5 cm. If the diverging lens 
was absent, the converging lens would form the Image at 1ts focal point—that 1s, 
at a distance ƒc = 16.0cm behind it (dashed lines in Fig. 23-45). When the 
diverging lens 1s placed next to the converging lens, we treat the Image formed 
by the first lens as the øb/ecf for the second lens. Since this object lies to the 
ripht of the diverging lens, this is a situation where đ¿ 1s negative (see the sign 
conventions, page 665). Thus, for the diverging lens, the object 1s virtual and 


dẹọ = —16.0cm. The diverging lens forms the Image of this virtual object at a 
distance đ¡ = 28.5cm away (given). Thus, 

` - + _* : + : = -—0.0274cm 1, 

fb đe d =160cm  28.5cm 


We take the reciprocal to find ƒp = —1/(0.0274cm !) = —36.5 cm. 


NOTE If this technique is to work, the converging lens must be “stronger” than 
the diverging lens—that 1s, 1t must have a focal length whose magnitude 1s less 
than that of the diverging lens. 


*SECTION 23-9 


Total magrmification is 


Ptotal — HA 1p 


FIGURE 23-45 Determining the 
focal length of a diverging lens. 


4 cAuTION 
#, «@Ù 


Combinations of Lenses 


jỂ| pnosLEM SOLVING 
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*235—10 Lensmaker“s Equation 


A useful equation, called the lensmaker”s equafion, relates the focal length of a lens 
to the radiI of curvature ®#; and ®; oŸ1ts two surfaces and 1fs Index of refraction 7ø: 


: 1 1 1 
Lensmaker% equation  = (n— T) + : (23-10) 


R.® 
If both surfaces are convex, ; and Ñ; are considered positive.Ï For a concave 
surface, the radius must be considered egafiue. 

Notce that Eq. 23—10 1s sy#netricalin R¡ and R;. Thus, 1Í a lens 1s turned 
around so that light impinges on the other surface, the focal length 1s the same 
even 1ƒ the two lens surfaces are different. This confirms what we said earlier: 
a lens focal length 1s the same on both sides of the lens. 


EXAMPLE 23-17 | Calculating ƒ for a converging lens. A convex meniscus 
lens (Eigs. 23—31a and 23-46) 1s made from glass with ø = 1.50. The radius of 
curvature of the convex surface (left in Eig. 23-46) 1s 22 cm. The surface on the 
riphf 1s concave with radius of curvature 46 cm. What 1s the focal length? 
APPROACH We use the lensmaker”s equation, Eq. 23—10, to find ƒ 


SOLUTION Rị = 022m and ®; = —0.46m (concave surface). Then 


1 1 1 -1 
FIGURE 23-46 Example 23-17. HÀ... LOOI| n2 ñ mm) = 119m), 
The left surface 1s convex (center So 
bulges outward); the ripght surface 1s f£= 1 = l##m 
Concave. 119m1 l Í 


and the lens 1s converging since ƒ > Ú. 
NOTE Tf we turn the lens around so that ®¡ = —46cm and ®; = +22cm, we 
get the same result. 


NOTE Because Eq.23—10 gives 1/ƒ, it gives directly the power of a lens in điopters, 
Eq. 23-7. The power of this lens 1s about 1.2 D. 


TSome books use a different convention: #¡ and Ñ; may be considered positive ïf their centers of cur- 
vature are to the right of the lens; then a minus sign replaces the + sign in their version of Eq. 23—10. 


 Summary 


Light appears to travel along straipht-line paths, called rays, 
throuph uniform transparent materials including air and glass. 
When lipht reflects from a flat surface, the agle ðƒ reflection 
equals the angle oƒincidence. Thịs law öoŸ reflection explains why 
mITTOTS can form images. 

In a plane mirror, the Image is virtual, upright, the same s1ze 
as the obJect, and as far behind the mirror as the obJect Is in front. 

A spherical mirror can be concave or convex. À concaye 
spherical mirror focuses parallel rays of light (Iight from a very 
distant objecf) to a point called the focal point. The distance of 
this point from the mirror is the focal length ƒ of the mirror and 


Ƒˆ 
L ng) (23-1) 


where r 1s the radius of curvature of the mIrTOr. 

Parallel rays falling on a convex mirror reflect from the 
mirror as 1ƒ they diverged from a common point behind the 
mirror. The distance of this point from the mirror 1s the focal 
length and 1s considered negative for a convex mITTOT. 

For a given object, the approximate position and s1ze of the 
image formed by a mirror can be found by ray tracing. AlpgebraI- 
cally, the relation between image and objJect distances, đ¡ and đo, 
and the focal length ƒ, 1s given by the mirror equation: 


¬ `. (23-2) 
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The ratio of image height h¡ to object heipht hạ, which 
equals the magnification # OŸ a mITTOT, 1S 
hị đị 
TT họ đa 
If the rays that converge to form an image actually pass 
throuph the image, so the Image would appear on a screen or 
lilm placed there, the Image is said to be a real image. If the 
light rays do not actually pass through the Image, the Image Is a 
virtual image. 
The speed of light ò depends on the index of refracfion, 7, of 
the material: 


(23-3) 


€ 
lị Phóng 
Đ 
where c 1s the speed of lipht in vacuum. 
When light passes from one transparent medium Into 
another, the rays bend or refract. The law of refraction 
(Snell*s law) states that 


1⁄1 sin Lấi —= H sin 0›, 


(23-4) 


(23-5) 
where 7 and Øy are the Index of refraction and angle with the 
normal (perpendicular) to the surface for the Incident ray, and 
nạ and 0; are for the refracted ray. 

'When light rays reach the boundary of a material where the 
1ndex of refraction decreases, the rays wIll be totally internally 
reflecfed If the incident angle, Ø¡, 1s such that Snell”s law would 


predict sinØ; > 1. Thịs occurs 1Ø exceeds the critical angle 0c 
gIven by 


(23-6) 


A lens uses refraction to produce a real or virtual Image. 
Parallel rays of light are focused to a point, the focal point, by a 
converging lens. The distance of the focal point from the lens 1s 
the focal length ƒ of the lens. It is the same on both sides of the lens. 

After parallel rays pass through a divyerging lens, they 
appear to diverge from a point In front of the lens, which 1s 1s 
focal poïnt; and the corresponding focal length 1s considered 
negative. 

The power P of a lens, which is P = 1/ƒ (Eq. 23-7), is 
øiven in diopters, which are units of inverse meters (m' !), 

Eor a given obJect, the position and size of the Image formed 
by a lens can be found approximately by ray tracing. Algebrai- 
cally, the relation between imase and object distances, đ¡ and đo, 


and the focal length ƒ, is given by the thin lens equation: 
1 1 1 
PR + đ F (23-8) 
The ratio of image height to object height, which equals 
the magnification z for a lens, 1s 
hị đ 
CÔ hạ đụ 
'When using the varIous equafions oŸ geometrIc opfIcs, you 
must remember the sign convenfions for all quantities involved: 
carefully review them (pages 655 and 665) when doïing Problems. 
[fWhen two (or more) thin lenses are used in combination 
to produce an image, the thin lens equation can be used for each 
lens In sequence. The Image produced by the first lens acfs as 
the object for the second lens.] 
[ZThe lensmaker°s equatfion relates the radii of curvature 
of the lens surfaces and the lens” index of refraction to the focal 
length of the lens.] 


(23-9) 


 Questions 


1. Archimedes is said to have burned the whole Roman fleet 
1n the harbor of Syracuse, Italy, by focusing the rays of the 
Sun with a huge spherical mirror. Is this' reasonable? 

2. What 1s the focal length of a plane mirror? What 1s the mag- 
mification of a plane mirror? 

3. Althouegh a plane mirror appears to reverse left and ripht, 
1t doesn”t reverse up and down. Discuss why this happens, 
noting that front to back 1s also reversed. Also discuss what 
happens Ifƒ, while standing, you look up vertically at a 
horizontal mirror on the ceiling. 

4. An object is placed along the principal axis of a spherical 
mirror. The magnification of the obJect is —2.0. Is the Image 
real or virtual, Inverted or upriph(? Is the mirror concave or 
convex? On which side of the mirror 1s the image located? 

5. IÝ a concave mirror produces a real Image, 1s the image 
necessarily inverted? Explain. 

6. How might you determine the speed of light in a solid, rec- 
tangular, transparent objJect? 

7. When you look at 
the Moon's reflection 
from a ripply sea, It 
appears  celongated 
(Eig. 23-47). Explain. 


FIGURE 23-47 
Question 7. 


§. What ¡s the anple of refraction when a light ray 1s Incident 
perpendicular to the boundary between two transparent 
materials? 


TStudents at MIT did a feasibility study. See 
'www.mit.edu/2.009/www/experiments/deathray/10_ArchimedesResult.html. 


9. When you look down Into a swimming pool or a lake, are you 
likely to overestimate or underestimate 1fs depth? Explain. 
How does the apparent depth vary with the viewing angle? 
(se ray diasrams.) 


10. Draw a ray diagram to show why a stick or straw looks bent 
when part of it is under water (Fig. 23—23). 


11. When a wide beam of parallel light enters water at an angle, 
the beam broadens. Explain. 


12. You look into an aquarium and view a fish inside. Ône ray 
of lipht from the fish is shown emerging from the tank 
in Fig. 23-48. The apparent position of the fish 1s also 
shown (dashed ray). In the drawing, 
indicate the approximafe position 
of the actual fish. Briefly Justify 


VOULIT anSWEFT. 


13. How can you “see” a round drop of water on a table even 
thouph the water 1s transparent and colorless? 


FIGURE 23-48 
Question 12. 


14. A ray of lipht 1s refracted through three different materials 
(Hp. 23-49). Which material 
has (a) the largest Index of 
refraction, (b) the smallest? 


FIGURE 23-49 
Question 14. 


15. A child looks into a pool to see how deep it 1s. She then 
drops a small toy into the pool to help decide how deep the 
pool 1s. After this careful Investipgation, she decides if 1s safe 
to jump In—only to discover the water 1s over her head. 
'What went wrong with her Interpretation of her experiment? 


16. Can a lipht ray traveling In air be totally reflected when 1t 
strikes a smooth water surface 1ƒ the Incident angle 1s chosen 
correctly? Explain. 
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Ouestions 


17. 


18 


19, 


20 


21 


22 


23 


. What type of mirror 1s shown In Fig. 23-50? Explain. 


FIGURE 23-50 
Question 17 and 
Problem 15. 


. Light rays from sfars (ncluding our Sun) always bend toward 
the vertical direction as they pass through the Earth's 
atmosphere. (z) Why does this make sense? (b) What can 
you conclude about the apparent positions 0Ÿ stars as viewed 
from Earth? Draw a circle for Earth, a dot for you, and 
3 or 4 stars at different angles. 


. Where must the film be placed 1Ÿ a camera lens is to make a 
sharp image of an object far away? Explain. 

. A photographer moves closer to his subJect and then refocuses. 
Does the camera lens move farther away from or closer to 
the camera film or sensor? Explain. 

. Can a diverging lens form a real Image under any circum- 
stances? Explain. 

- Lipht rays are said to be “reversible.” Is this consistent with 
the thin lens equation? Explain. 

. Can real Images be projected on a screen? Can virtual Images? 
Can either be photographed? Discuss carefully. 


24. 


25. 


26. 


21. 


28. 


29. 


30. 


#31. 


*32 


A thin converging lens is moved closer to a nearby obJect. 
Does the real image formed change (2) in position, (b) in 
sIze? Ifyes, describe how. 

T a glass converging lens 1s placed in water, 1ts focal length 
in water will be (2) longer, (b) shorter, or (c) the same as in 
air. Explain. 

Compare the mirror equation with the thin lens equation. 
Discuss similaritles and differences, especially the sign 
convenfions for the quantities involved. 

A lens is made of a material with an Index of refraction 
n = 1.25. In arr, I†1s a converging lens. WII it stl be a con- 
verging lens If placed in water? Explain, using a ray diapram. 
(2) Does the focal length of a lens depend on the fluid in 
which 1t is immersed? (b) What about the focal length of 
a spherical mirror? Explain. 

An underwater lens consists of a carefully shaped thin- 
walled plastic container filled with air. What shape should 
1t have In order to be (2) converging, (b) divereing? Use ray 
diaprams fO SuDDpOTf yOUT ansWeT. 

The thicker a double convex lens is in the center as com- 
pared to 1fs edges, the shorter 1s focal length for a given 
lens diameter. Explain. 

A non-symmetrical lens (say, planoconvex) forms an image 
of a nearby obJect. se the lensmaker”s equation to explain 
1ƒ the Image point changes when the lens is turned around. 
Example 23-16 shows how to use a converging lens to 
measure the focal length of a diverging lens. (z) Why can”t 
you measure the focal length of a diverging lens directly? 
(Õ) Itis said that for this to work, the converging lens must 
be stronger than the diverging lens. What is meant by 
“stronger,” and why 1s this statement true? 


 MisConceptual Questions 


1. Suppose you are standing about 3m in front of a mITTOIT. 
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You can see yourself Just from the top of your head to your 

walst, where the bottom of the mirror cuts off the rest of 

your Image. If you walk one step closer to the mirror 

(4) you will not be able to see any more OŸ your Imaøe. 

(5) you will be able to see more of your Iimage, below 
yOuT Walst. 

(c) you will see less of your Image, with the cutoff rIsing 
to be above your waIst. 


._ When the reflection of an obJect 1s seen In a flat mirror, the 


1maØ6 1S 

(4) real and upripht. 

(5) real and Inverted. 
(c) virtual and upripht. 
(đ) virtual and inverted. 


-_ You Want to create a spotlight that will shine a bright beam 


Of light with all of the light rays parallel to each other. You 

have a large concave spherical mirror and a small lipht- 

bulb. Where should you place the lightbulb? 

(4) At the focal point of the mITrOr. 

(b) At the radius of curvature of the mirror. 

(c) At any point, because all rays bouncing off the mirror 
wIll be parallel. 

(đ) None of the above; you can”t make parallel rays with a 
COnCaV€ TITTOT. 
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4. 


ụ 


'When you look at a fish in a stll stream from the bank, the 
fish appears shallower than 1t really is due to refraction. 
From directly above, It appears 

(a) deeper than 1t really 1s. 

(ð) at its actual depth. 

(c) shallower than its real depth. 

(đ) It depends on your height above the water. 


Parallel lipght rays cross Interfaces from medium Í into 
medium 2 and then into medium 3 as shown In Eig. 23—51. 
What can we say about the relative sizes of the Indices of 
refraction of these media? 

(4a) m > nạ > 
(b)m: > 
(€) nạ > 
(4)m > mạ 
(£) nạ > mị > nạ. 
(7) None of the above. Ũ 


FIGURE 23-51 
MisConceptual 
Ouestion 5. 


To shoot a swimming fish with an intense light beam from 
a laser gun, you should aim 

(a) directly at the Image. 

(b) slightly above the image. 

(c) slightly below the Image. 


1. 


9. 


10. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


When moonlipht strikes the surface of a calm lake, what 
happens to this light2 

(a) AlI of it reflects from the water surface back to the air. 
(b5) Some of it reflects back to the air; some enters the water. 
(c) AlI of it enters the water. 

(đ) AlI of ït disappears via absorption by water molecules. 


.  ]Ýyou shine a lipht through an optical fiber, why does it come 


out the end but not out the sides? 

(2) It does come out the sides, but this effect 1s not obvious 
because the sides are so much longer than the ends. 

(Bb) The sides are mirrored, so the light reflects. 

(c) Total internal reflection makes the light reflect from the 
sides. 

(đ) The light flows along the length of the fiber, never 
touching the sides. 


A converging lens, such as a typical magnifying glass, 

(2) always produces a magnified image (taller than object). 
(B) always produces an image smaller than the object. 

(c) always produces an upright image. 

(đ) always produces an inverted image (upside down). 

(£) None of these statements are true. 


'Virtual Images can be formed by 

(2) only mIrrOrs. 

(B) only lenses. 

(c) only plane mirrors. 

(đ) only curved mirrors or lenses. 

(e) plane and curved mirrors, and lenses. 


11. 


12. 


13. 


14. 


A lens can be characterized by 1s po+øer, which 

(4) 1s the same as the magnification. 

(ð) tells how much light the lens can focus. 

(c) depends on where the object is located. 

(đ) 1s the reciprocal of the focal length. 

'You cover half of a lens that 1s forming an Image on a screen. 

Compare what happens when you cover the top half of the 

lens versus the bottom hal£. 

(a) When you cover the top half of the lens, the top half of 
the image disappears; when you cover the bottom half 
of the lens, the bottom half of the Image disappears. 

(5) When you cover the top half of the lens, the bottom half 
of the image disappears; when you cover the bottom half 
of the lens, the top half of the image disappears. 

(c) The image becomes half as bright in both cases. 

(đ) Nothing happens ïn either case. 

(c) The image disappears In both cases. 

'Which of the following can form an Image? 

(a) A plane mirror. 

(b) A curved mirror. 

(c) A lens curved on both sides. 

(đ) A lens curved on only one side. 

(c) AII of the above. 

As an object moves from Just ouftside the focal poïnt oŸa con- 

verging lens to Just inside 1, the Image øoes ffom__ and 

tO and › 

(a) large; Inverted; laree; upright. 

(ð) large; upripht; large; Inverted. 

(c) small; inverted; small; upright. 

(đ) small; upright; small; inverted. 


j Problems 


23-2 Reflection; Plane Mirrors 


1. 


® 


_g 


(D When you look at yourself in a 60-cem-tall plane mirror, 
you see the same amount of your body whether you are 
close to the mirror or far away. (Try 1t and see.) se ray 
diaprams to show why this should be true. 


- (D Suppose that you want to take a photograph of yourself 


as you look at your Image In a mirror 3.1 m away. For what 
đistance should the camera lens be focused? 

(II) Two plane mirrors meet at a 135° angle, ọ 
Fig.23—52. If lipht rays strike one mIrror 
at 34” as shown, at what anple ở do 
they leave the second mirror? 


FIGURE 23-52 


Problem 3. 3ˆ 


(HA person whose eyes are 1.72 m above the floor stands 
2.20 mn front of a vertical plane mirror whose bottom edge 
1s 38 cm above the floor, Fig. 23—53. What is the hor1zontal 
distance x to the base of the wall supporting the mirror of 
the nearest point on the [loor k-2.201n— 

that can be seen reflected In F 

the mirror? 


T 
172m) 
| 


Ï 


FIGURE 23-53 Í T 
Problem 4. 


5 


(T) Stand up two plane mirrors so they form a 90.0° angle 
as in Fig. 23-54. When you 
look info this double mirror, 
you see yourself as others 
see you, instead of reversed 
as In a single mirror. Make a 
ray điapram to show how 
this OCCUTs. 


FIGURE 23-54 
Problem S. 


. (H) Two plane mirrors, nearly parallel, are facing each other 


2.3m apart as1n Hg.23—55. You stand 1.6 m away from one of 
these mirrors and look mnfo 1t. You wIlÏ see multiple Images of 
yourself. (z) How far away from you are the first three Images 
Of yourself in the mirror In 
front of you? (ð) Are these 
ñirst three Images facing 
toward you or away from 4 
you? 


+~——16m————| 


=————— 2.3m 


FIGURE 23-55 
Problem 6. 
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Problems 


T 


(HT) Suppose you are 94 cm from a plane mirror. What area 
of the mirror 1s used to reflect the rays enftering one eye 
from a point on the tip of your nose 1ƒ your pupIl diameter 
1s 4.5 mm? 


23-3 Spherical Mirrors 


§. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


() A solar cooker, really a concave mirror pointed at the 
Sun, focuses the Sun's rays 18.8 cm In front of the mirror. 
What 1s the radius of the spherical surface from which the 
mirror was made? 


. () How far from a concave mirror (radius 21.0 em) must an 


obJect be placed 1 its Image is to be at infinity? 


(I) A small candle ¡s 38 em from a concave mirror having 
a radius of curvature of 24 cm. (2) What is the focal length 
of the mirror? (5) Where will the image of the candle be 
located? (c) WIiII the image be upright or inverted? 


(I) An object 3.0 mm hiegh 1s placed 16 em from a convex 
mirror of radius of curvature 16 cm. (2) Show by ray tracing 
that the image 1s virtual, and estimate the image distance. 
(b) Show that the (negative) Image distance can be computed 
from Eq. 23-2 using a focal leneth of —8.0 em. (c) Compute 
the image size, using Eq. 23-3. 

(II) A dentist wants a small mirror that, when 2.00 cm from 
a tooth, will produce a 4.0% upright image. What kind of 
mirror must be used and what must is radius of curvature be? 


(ID) You are standing 3.4m from a convex security mirror 
1n a store. You estimate the heipht of your Iimage to be half 
Of your actual heipht. Estimate the radius of curvature of 
the mITOIT. 


(II) The image of a distant tree 1s virtual and very small 
when viewed In a curved mirror. The image appears to be 
19.0cm behind the mirror. What kind of mirror 1s 1t, and 
what 1s 1ts radius of curvature? 


(I) A mirror at an amusement park shows an upripht 
1mage of any person who stands 1.9 m in front of it. If the 
1mage 1s three times the person”s height, what 1s the radius 
Of curvature of the mirror? (See Fig. 23—50.) 


(H) In Example 23—4, show that If the object is moved 10.0 em 
farther from the concave mirror, the objecf image s1ze 
will equal the obJects actual size. Stated as a multiple of the 
focal length, what is the obJect distance for this “actual-sized 
1mage” situation? 

(ID) You look at yourselfin a shiny 8.8-cm-diameter Christ- 
mas tree ball. If your face 1s 25.0 em away from the ball's 
front surface, where 1s your Image? Is it real or virtual? Is 
1t upright or inverted? 


(ID Some rearview mirrors produce Images of cars fo yOUr 
rear that are smaller than they would be If the mirror were 
flat. Are the mirrors concave or convex? What 1s a mITTOT”S 
radius of curvature 1Ý cars 16.0m away appear 0.33 their 
normal size? 


(H) When walking toward a concave mirror you notice that 
the Image flips at a distance of 0.50m. What ¡s the radius 
Of curvature of the mirror? 


(T) (2z) Where should an object be placed ¡in front of a 
concave mirror so that 1t produces an Iimage at the same 
location as the object? (b) Is the image real or virtual? 
(c) Is the image inverted or upripht? (đ) What ¡is the mag- 
nification of the Image? 
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21. 


22 


23. 


24 


I) A shaving or makeup mirror 1s designed to magnIfy your 
face by a factor of 1.40 when your face is placed 20.0 cm in 
front of it. (a) What type of mirror 1s 1t? (b) Describe the 
type of image that it makes of your face. (c) Calculate the 
required radius of curvature for the mITTOT. 


(H) Use two techniques, (2) a ray diagram, and (0) the mirror 
equaftion, to show that the magnitude of the magnification 
Of a concave mirror is less than 1 1ƒ the object is beyond 
the center of curvature C (đ¿ > r), and is greater than 1 
if the object is within C (đo < r). 

(HT) Show, using a ray diapram, that the magnification 7 of 
a convex miTrOF is 1 = —đ;/d¿, just as for a concave mITTOT. 
[Himi: Consider a ray from the top of the object that reflects 
at the center of the mirror. ] 


(HH) An object 1s placed a distance r in front of a wall, 
where 7 exactly equals the radius of curvature of a certain 
concave mirror. At what distance from the wall should this 
mirror be placed so that a real image of the obJect 1s 
formed on the wall? What 1s the magnification of the Iimage? 


23-4 Index of Refraction 


25. 


26. 


21. 


(1) The speed of light in ice is 2.29 < 10Ÿ m/s. What is the 
1ndex o refraction of ice? 


(1 What ¡s the speed of light ín (2) ethyl alcohol, (5) Iucite, 
(c) crown glass? 


(H) The speed of light in a certain substance is 82% of ifs 
value in water. What is the index of refraction of that 
substance? 


23-5 Refraction; Snells Law 


28. 


29 


h 


30 


31. 


32. 


33. 


() A flashlight beam strikes the surface of a pane of glass 
(m = 1.56) at a 67° angle to the normal. What is the angle 
of refraction? 


() A diver shines a flashlight upward from beneath the 
water at a 35.2” angle to the vertical. At what angle does 
the light leave the water? 


() A Iight beam coming from an underwater spotlight 
exits the water at an angle of 56.0”. At what angle of 
incidence did 1t hit the air—water Interface from below the 
surface? 


(D Rays of the Sun are seen to make a 36.0° angle to the 
vertical beneath the water. At what angle above the hor1zon 
1s the Sun? 


(TH) An aquarium filled with water has flat glass sides whose 
Index of refraction 1s 1.54. A beam of lipht from outside 
the aquarium strikes the glass at a 43.5” angle to the 
perpendicular (Fig. 23-56). What is the angle of this lipht 
ray when it enters (z) the glass, and 


then (Đ) the water? (c) What would be : Glass 
the refracted angle If the ray entered Air Xi bi 
the water directly? ` 
43.5 
FIGURE 23-56 
Problem 32. 


I) A beam of light in air strikes a slab of glass (wm = 1.51) 
and 1s partially reflected and partially refracted. Determine 
the angle of incidence If the angle of reflection 1s twice the 
angle of refraction. 


34. (11) In searching the bottom of a pool at nipht, a watchman 
shines a narrow beam of light from his flashlight, 1.3m 
above the water level, onto the surface of the water at a 
pomt 2.5m from his foot 
at the edge of the pool 
(Eig. 23-57). Where does 
the spot of lipht hit the bot- 
tom of the 2.1-m-deep 


pool? Measure from the 


bottom of the wall beneath 
his foot. 
FIGURE 23-57 
Problem 34. 


23-6 Total Internal Reflection 


35. (I) What ¡s the critical angle for the interface between 
water and crown ølass? 'To be Internally reflected, the lipght 
must start in which material? 

36. (I) The critical angle for a certain liquid-air surface is 
47.2”. What ¡s the Index of refraction of the liquid? 

37. (II) A beam of light is emitted in a pool of water from a 
depth of 82.0 cm. Where must 1t strike the air—water Inter- 
face, relative to the spot directly above it, in order that the 
light does of exit the water? 
(H) A beam of light ïs emitted 8.0 em beneath the surface of 
a liquid and strikes the air surface 7.6 em from the point 
đirectly above the source. I total internal reflection OCCurs, 
what can you say about the Index of refraction of the liquid? 
(HI) (z) What is the minimum index of refraction for a glass 
or plastic prism to be used in binoculars (Fig. 23-28) so that 
total internal reflection occurs at 45°? (b) WIII binoculars 
work I1 their prisms (assume ø = 1.58) are Iimmersed In 
water? (c) What minimum ø is needed If the prisms are 
1mmersed In water? 

(H) A beam of light enters the end of an optic fiber as 

shown in Eig. 23—58. (z) Show that we can guarantee total 

internal reflection at the side surface of the material (at 
point A), 1ƒ the Index of refraction is greater than about 

1.42. In other words, regardless of the angle œ, the lipht 

beam reflects back Into the material at point À, assuming 

air outside. (b) What If the fiber were immersed In water? 


AI 


38 


39 


40 


Alr Transparent 
material 


FIGURE 23-58 Problem 40. 


23-7 and 23-8 Thin Lenses 

4Í. () A sharp Image ¡1s located 391 mm behind a 215-mm- 
focal-length converging lens. Find the object distance 
(a) using a ray diagram, (P) by calculation. 

42. (1 Sunlight is observed to focus at a point 16.5 em behind 
a lens. (2) What kind of lens is it? (b) What is Its power In 
diopters? 

43. ( (4) What 1s the power of a 32.5-cm-focal-length lens? 
(b) What is the focal length of a —6.75-D lens? Are these 
lenses converging or diverging? 


44. (II) A certain lens focuses lipht from an object 1.55 m away 
as an Iimage 48.3cm on the other side of the lens. What 
type of lens 1s it and what 1s 1s focal length? Is the Image 
real or virtual? 


45. (II) A 105-mm-focal-lensth lens is used to focus an image 
on the sensor of a camera. The maximum distance allowed 
between the lens and the sensor plane is 132 mm. (z) How 
far in front of the sensor should the lens (assumed thin) be 
pOositioned If the obJect to be photographed 1s 10.0 m away? 
(b) 3.0m away? (c) 1.0m away? (4) What is the closest 
object this lens could photograph sharply? 


46. (II) Use ray diagrams to show that a real image formed by 
a thin lens 1s always Inverted, whereas a virtual Imagøe 1s 
always upright If the obJect 1s real. 


47. (II) A stamp collector uses a converging lens with focal 
length 28 cm to view a stamp 16 cm In front of the lens. 
(2) Where ¡s the image located? (b) What is the magnification? 


48. (II) It is desired to magnify reading material by a factor of 
3.0% when a book is placed 9.0 em behind a lens. (a) Draw 
a ray diagram and describe the type of image this would 
be. (5) What type of lens is needed? (c) What is the power 
of the lens in diopters? 


49. (II) A —7.00-D lens ¡is held 12.5 cm from an ant 1.00 mm 
hiph. Describe the position, type, and height of the Image. 


50. (II) An obJect is located 1.50 m from a 6.5-D lens. By how 
much does the image move If the object is moved (z) 0.00 m 
closer to the lens, and (5) 0.90 m farther from the lens? 


5í. (1) (a) How far from a 50.0-mm-focal-length lens must an 
object be placed 1Ÿ 1s Image 1s to be magnified 2.50 and 
be real? (b) What If the image is to be virtual and magni- 
fied 2.50? 


52. (H) Repeat Problem 51 for a —50.0-mm-focal-length lens. 
[Himr: Consider objects real or virtual (formed by some 
other piece of optics).] 


53. (II) How far from a converging lens with a focal length of 
32 cm should an object be placed to produce a real Image 
which 1s the same size as the obJect? 


54. (II) (z) A 2.40-cm-high insect is 1.30m from a 135-mm- 
focal-length lens. Where 1s the image, how high 1s it, and 
what type is it? (b) Whatif ƒ = —135 mm? 


55. (HH) A bright object and a viewing screen are separated by 
a distance of 86.0cm. At what location(s) between the 
object and the screen should a lens of focal length 16.0 em 
be placed In order to produce a sharp Image on the screen? 
[Himr: First draw a diagram.] 


56 


(HI How far apart are an object and an image formed by 
an 8Š5-cm-focal-length converging lens 1ƒ the Image 1s 3.25 
larger than the object and 1s real? 


#7. (HI) In a film projector, the film acts as the object whose 
imaøe is projJected on a screen (Fig. 23-59). If a 105-mm- 
focal-length lens 1s to project an Image on a screen 25.5 m 
away, how far from the lens should the film be? If the film 
1s 24 mm wide, how wide wIll the picture be on the screen? 


Eilm ị | 


Lens Screen 


FIGURE 23-59 Film projector, Problem 57. 
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*23-9 Lens Combinations 


*Ss8. 


9 


h 


*60. 


*61. 


*62. 


(ID) A diverging lens with ƒ = —36.5 em ïs placed 14.0 em 
behind a converging lens with ƒ = 20.0cm. Where will an 
obJect at infinity be focused? 
(ID) Two 25.0-em-focal-lenegth converging lenses are placed 
16.5 cm apart. An object 1s placed 35.0 cm In front of one 
lens. Where wIll the final Image formed by the second lens 
be located? What ¡is the total magnification? 
I) A 38.0-cm-focal-length converging lens 1s 28.0cm 
behind a diverging lens. Parallel light strikes the diverging 
lens. After passing throuph the converging lens, the lipht 1s 
again parallel. What 1s the focal length of the diverging 
lens? [Himr: First draw a ray diapram.] 
(II) Two lenses, one converging with focal length 20.0 em 
and one diverging with focal length —10.0 cm, are placed 
25.0cm apart. An object ¡is placed 60.0 em ïn front of the 
converging lens. Determine (a) the position and () the 
magnification of the final image formed. (c) Sketch a ray 
diagram for this system. 
(H) A Iighted candle ïs placed 36 em ïn front of a converging 
lens of focal length ƒ¡ = 13cm, which In turn ¡is 56 cm in 
{ront of another converging lens of focal length ƒ2 = 16 em 
(see Fig. 23-60). (ø) Draw a ray diagram and estimate the 
location and the relative size of the final image. (b) Calcu- 
late the position and relaftive size of the final Image. 

/¡ =13cm ý = I6cm 


' 36 cm ộ 56 em ụ 


FIGURE 23-60 
Problem 62. 


General Problems 


*23-10 Lensmaker's Equation 


*63. 


*64. 


*65. 


*66. 


*67. 


*68. 


() A double concave lens has surface radii of 33.4 cm and 
28.8 cm. What Is the focal length If „ = 1.522 

(D Both surfaces of a double convex lens have radii of 
34.1 cm. TỶ the focal length 1s 28.9 cm, what 1s the index of 
refraction of the lens material? 

() A planoconvex lens (Fig. 23-31a) with ø = 1.55 1s to 
have a focal length of 16.3 em. What is the radius of curva- 
ture of the convex surface? 

(H) A symmetric double convex lens with a focal length of 
22.0 em 1s to be made from glass with an Index of refraction 
of 1.52. What should be the radius of curvature for each 
surface? 


(I)A prescription for an eyeglass lens calls for + 3.50 diop- 
ters. The lensmaker grinds the lens from a “blank” with 
n = 1.56 and convex front surface oŸ radius oŸ curvature 
of 30.0 cm. What should be the radius of curvature of the 
other surface? 

(H]) An object ¡is placed 96.5 cm from a glass lens (w = 1.52) 
with one concave surface of radius 22.0 em and one convex 
surface of radius 18.5 cm. Where is the final image? What 
1s the magnification? 


69. 


70. 


71. 


FIGURE 23-62 
Problem 71. 


72. 


Sunlipht is reflected off the Moon. How long does It take 
that light to reach us from the Moon? 

You hold a small flat mirror 0.50m ïn front of you 
and can see your reflection 10m 0.50m 
twice In that mirror because F "tr " 
there is a full-length mirror ` 

1.0m behind you (Fig. 23-61). \ớ 
Determine the distance of 

each image from you. 


FIGURE 23-61 
Problem 70. 


We wish to determine the depth of a swimming pool filled 
with water by measuring the width (x = 6.50m) and then 
nofting that the far bottom edge of the pool 1s Just visible 
at an angle of 13.0? above the horizontal as shown In 
Eig. 23-62. Calculate the depth of the pool. 


The critical angle of a certain piece of plastIc In air 1s 
0c = 37.8°. What is the critical angle of the same plastic 1f 
1t 1s Immersed In water? 
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T3; 


74. 


Tội 


76. 


Tin 


78. 


A pulse of light takes 2.63 ns (see Table 1-4) to travel 
0.500m in a certain material. Determine the materials 
index of refraction, and identify this material. 

'When an object is placed 60.0 cm from a certain converging 
lens, 1t forms a real Image. When the object is moved to 
40.0 cm from the lens, the image moves 10.0 cm farther 
from the lens. Find the focal length of this lens. 

A 4.5-cm-tall obJect 1s placed 32 cm in front of a spherical 
mirror. lt Is desired to produce a virtual Iimage that 1s 
upright and 3.5 cm tall. (z) What type of mirror should be 
used? (5) Where Is the image located? (c) What is the focal 
length of the mirror? (đ) What ïs the radius of curvature of 
the mirror? 

Lipht is emitted from an ordinary lightbulb filament in 
wave-train bursts of about 10 Ÿs in duration. What is the 
length in space of such wave trains? 

Tf the apex angle of a prism Is @ = 757 (see Flg. 23-63), 
what Is the minimum incident anple for a ray 1Ÿ 1t is tO emerge 
from the opposite side (Ie., not be totally internally 
reflected), given  = 1.58? 


FIGURE 23-63 
Problem 77. 


(a) A plane mirror can be considered a limiting case of a 
spherical mirror. Specify what this limit is. (5) Determine 
an equation that relates the Image and object distances In 
this limit of a plane mirror. (c) Determine the magnification 
of a plane mirror ¡n this same limit. (đ) Are your results in 
parts (b) and (c) consistent with the discussion of Section 23—2 
on plane mirrors? 


79. An object is placed 18 cm from a certain mirror. The image 
1s half the height of the obJect, Inverted, and real. How far 
1s the Image from the mirror, and what 1s the radius of cur- 
vafure of the mirror? 

Light 1s incident on an equilateral glass prism at a 45.0 
angle to one face, Eig. 23-64. Calculate the angle at which 
ligh( emerges from the opposite face. Assume that 
n = 1.54. ` 


80 


FIGURE 23-64 
Problems 80 and S1. 


8í. Suppose a ray strikes the left face of the prism In Hig. 23—64 
at 45.0? as shown, but 1s totally internally reflected at the 
opposite side. If the apex angle (at the top) Is Ø = 65.0”, 
what can you say about the Index of refraction of the prism? 
82. (a) An object 37.5 cm in front of a certain lens is imaged 
8.20 cm mn front of that lens (on the same side as the objec†). 
What type of lens is this, and what 1s 1fs focal length? 
1s the image real or virtual? (5) If the image were located, 
1nstead, 44.5 cm In front of the lens, what type of lens would 
1t be and what focal length would it have? 
83. How large 1s the Image of the Sun on a camera sensor 
with (z) a 35-mm-focal-lensth lens, (b) a 50-mm-focal-lensth 
lens, and (c) a 105-mm-focal-leneth lens? The Sun has 
diameter 1.4 x 10km, and itis 1.5 x 108km away. 
Figure 23-65 1s a photograph of an eyeball with the Image 
of a boy in a doorway. (2) Is the eye here acting as a lens or 
as a mirror? (b) Is the eye being viewed right side up or 1s 
the camera taking this photo upside down? (c) Explain, based 
on all possible images made by a convex mirror or lens. 


84 


FIGURE 23-65 
Problem 84. 


$5. Which of the two lenses shown In Eig. 23—66 1s converging, 
and which 1s diverging? Explain using ray diagrams and 
show how each image 1s formed. 


FIGURE 23-66 Problem 85. 


$6. Figure 23-67 shows a liquid-detecting prism device that 
might be used inside a washing machine. If no liquid 
covers the prism”s hypotenuse, total Internal reflection of 
the beam from the lipht source produces a large sipnal in 
the light sensor. If liquid covers the hypotenuse, some 
light escapes from the prism Info the liquid and the light 
sensor's signal decreases. Thus a large sipnal from the 
light sensor Indicates the absence of liquid in the reservOIr. 
Determine the allowable range for the prisms Index of 
refraction ứ. 


Liquid 
T€S€TVOIT 


Light 
S€ISOF 


Enclosure 
FIGURE 23-67 Problem 8ó. 


#87. (a) Show that If two thin lenses of focal lengths ƒ¡ and ƒ 
are placed In contact with each other, the focal length of 
the combination is given by ƒr = ƒfi/#/(fi + /). (b) Show 
that the power ? of the combination of two lenses 1s the 
sum of their separate powers, ? = ¡ + Đ›. 


*88. Two converging lenses are placed 30.0 cm apart. The focal 
length of the lens on the right is 20.0 cm, and the focal length 
of the lens on the left is 15.0 cm. An object is placed to the 
left of the 15.0-cm-focal-length lens. A final image from 
both lenses 1s inverted and located halfway between the 
two lenses. How far to the left of the 15.0-cm-focal-length 
lens 1s the oripinal object? 


*§89. An obJect is placed 30.0 em from a +5.0-D lens. A spher- 
lcai mirror with focal length 25cm ¡1s placed 75cm 
behind the lens. Where ¡s the final image? (Note that the 
mirror reflects light back through the lens.) Be sure to 
draw a diagram. 


#90. A small object is 25.0 em from a diverging lens as shown 
in Fig. 23-68. A converging lens with a focal length of 
12.0 cm ¡s 30.0 cm to the ripht of the diverging lens. The 
two-lens system forms a real Inverted Iimage 17.0cm to 
the right of the converging lens. What ¡s the focal length 
of the diverging lens? 


30.0 cm „„19 cm 


|_ Ý 

z 

FIGURE 23-68 =—25.0 cm->| : H 

Problem 90. Ả Ỳ 
General Problems 677 


[ Search and Learn 


1. 


(2) Describe the difference between a real image and a 
virtual image? (b) Can your eyes tell the difference? (c) How 
can you tell the difference on a ray diagram? (3) How 
could you tell the đifference between a virtual image and a 
real image experimentally? (e) If you were to take a photo- 
graph of a virtual image, would you see the Image in the 
photograph? (ƒ) If you were to put a piece of photographic 
film at the location of a virtual image, would the image be 
captured on the film? (g) Explain any differences in your 
answers to parts (e) and (ƒ). 


‹ Students in a physics lab are assigned to find the location 


where a bripht object may be placed in order that a 
converging lens with ƒ = 12cm will produce an Image 
three times the size of the obJect. TWwo students complete the 
assisnment at different times using identical equipment, 
but when they compare notes later, they discover that 
their answers for the obJect distance are not the same. 
Explain why they do not necessarily need to repeat the lab, 
and Justify your response with a calculation. 


Both a converging lens and a concave mirror can produce 
virtual Images that are larger than the object. Concave mir- 
rors can be used as makeup mirrors, but converging lenses 
cannot be. (2) Draw ray diaprams to explain why not. 
(5) If a concave mirror has the same focal length as a 
converging lens, and an object is placed first at a distance of 
3ƒ [rom the lens and then at a distance of š ƒ from the 
mirror, how will the magnification of the obJect compare 
1n the two cases? 


.„ (4) Did the person we see in Eig. 23—69 shoot the picture 


we are looking at? We see her In three different mirrors. 
Describe (b) what type of mirror each ¡s, and (c) her 
position relative to the focal point and center of curvature. 


FIGURE 23-69 Search and Learn 4. 


ANSWERS TO EXERCISES 


A: No. 

B: (0). 

€: Toward. 
D: None. 
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5. Justify the second part of sign convention 3, page 665, 


starting “Equivalently.” Ủse ray diaprams for all possible 
situatlons. Cite Figures already in the text and draw any 
others needed. 


6. The only means to create a real Image with a single lens 


would be to place 

(a) the object inside the focal length of a converging lens; 

() the object inside the focal length of a diverging lens; 

(c) the object outside the focal leneth of a converging lens; 

(đ) the object outside the focal length of a diverging lens; 

(c) any of the above, given the correct distance from the 
focal poïnt. 


7. Make a table showing the sign convenfions for mirrors and 


lenses. Include the sign convention for the mirrors and 
lenses themselves and for the Iimage and object heights 
and distances for each. 


8. Higure 23-70 shows a converging lens held above three 


equal-sized letters A. In (a) the lens is 5 cm from the paper, 
and in (b) the lens ¡is 15 em from the paper. Estimate the 
focal length of the lens. What is the Image position for 
each case? 


(a) 


FIGURE 23-70 
Scarch and Learn 8. (b) 


E: No total Internal reflection, 0c > 45”. 
E: (c). 
G: Closer tO 1t. 


The Wave Nature of Lipht 2 


CHAPTER-OPENING QUESTION——Guess now! 


'When a thin layer of oil lles on top of wafer or wef pavement, you can offen see 
swirls Of color. We also see swirls of color on the soap bubble shown above. What 
causes these colors? 
(a) Additives In the oIl or soap reflect variIous colOTrs. 
(b) Chemicals in the oil or soap absorb varIous colors. 
(e)_ Dispersion due to differences in Index of refraction 1n the oiÏ or soap. 
(đ) The interactions of the light with a thin boundary layer where the oil (or 
soap) and the water have mixed 1rregularly. 
(e) Light waves reflected from the top and bottom surfaces of the thin oil or 
soap film can add up constructively for particular wavelengths. 


with a magnifying glass on a plece of paper and burning a hole 1m it. But 

how does light travel, and in what form 1s this energy carried? In our dis- 
cussion of waves in Chapter 11, we noted that energy can be carried from place 
to place In basically two ways: by particles or by waves. In the first case, material 
oblJects or particles can carry energy, such as an avalanche of rocks or rushing 
water. In the second case, wafer waves and sound waves, for example, can carry 
energy over long distances even though the oscillating particles of the medium 
do not travel these distances. In view of this, what can we say about the nature of 
light: does light travel as a stream of particles away from 1ts source, or does lipht 
travel mm the form of waves that spread outward from the source? 


| 1phf carries energy. Evidence for this can come from focusing the Sun's rays 


The beautiful colors from the 
surface of this soap bubble can be 
nicely explained by the wave theory 
of lipht. A soap bubble 1s a very thin 
spherical film filled with air. Light 
reflected from the outer and Inner 
surfaces of this thin film oŸ soapy 
water Interferes constructively to 
produce the bright colors. Which 
color we see at any point depends on 
the thickness of the soapy water film 
at that poïnt and also on the viewing 
angple. Near the top of the bubble, 
we see a small black area surrounded 
by a silver or white area. The 
bubble”s thickness 1s smallest at that 
black spot, perhaps only about 30 nm 
thick, and ïs fully transparent (we see 
the black background). 

We cover fundamental aspects of 
the wave nature of light, including 
two-slit interference and 
Interference In thin films. 


„So 
s9 
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FIGURE 24-1 Huygens' principle, 
used to determine wave front CD 
when wave front AB 1s gIven. 


FIGURE 24-2 Huygens' principle is 


consistent with diffraction 


(a) around the edge of an obstacle, 
(b) through a large hole, (c) through 
a small hole whose s1ze 1s on the 
order of the wavelength of the wave. 


(a) 


(b) 


(c) 


) 


HIistorically, this question has turned out to be a difficult one. For one thing, 
light does not reveal 1tself in any obvious way as being made up of tiny particles; 
nor do we see finy lipht waves passing by as we do water waves. The evidence 
seemed to favor first one side and then the other until about 1830, when most 
physIcists had accepted the wave theory. By the end of the nineteenth century, 
light was considered to be an elecfrormagneftic tuaue (Chapter 22). In the early twen- 
tieth century, light was shown to have a particle nature as well, as we shall discuss 
in Chapter 27. We now speak of the wave—particle duality of light. The wave theory 
of light remains valid and has proved very successful. In this Chapter we InvesfI- 
gate the evidence for the wave theory and how 1t has been used to explain a wide 
range of phenomena. 


24—1 Waves vs. Particles; 
Huygens' Principle and Diffraction 


The Dutch scientist Christian Huygens (1629—1695), a contemporary of Ñewton, 
proposed a wave theory of light that had much merit. Still useful today 1s a 
technique Huygens developed for predicting the future position of a wave front 
when an earlier position 1s known. By a wave fron(, we mean all the points along 
a two- or three-dimensional wave that form a wave crest—what we simply call a 
“wave” as seen on the ocean. Wave fronfts are perpendicular to rays as discussed 
in Chapter 11 (Fig. 11-35). Huygens principle can be stated as follows: ƑƑ0ery 
poim on a tuaue front can be considered as a source öƒ tỉny t0auelets that spread 
out in the ƒortuard direction at the speed öƒ the tuaue iIsel‡' The net t0auUe [ront is 
the enuelope öoƒ all the tuauelets——that 1s, the tangent to all oƒ them. 

As an example of the use of Huygens' principle, consider the wave front AB 
1n Eig. 24—1, which 1s traveling away from a source S. We assume the medium 1s 
isofropic—that 1s, the speed œ of the waves 1s the same ¡n all directions. To find 
the wave front a short time ứ after 1t 1s at AB, tiny circles are drawn at poInfs 
along AB with radius r = %œí. The centers of these tiny circles are shown as blue 
dofs on the original wave front AB, and the circles represent Huygens' (Imaginary) 
wavelets. The tangent to all these wavelets, the curved line CD, 1s the new 
positlon of the wave front after a time í. 

Huygens' principle 1s particularly useful for analyzing what happens when 
waves run Into an obstacle and the wave fronts are partially Interrupted. 
Huygens' principle predicts that waves bend 1n behind an obstacle, as shown 1n 
Fig. 24-2. Thịs 1s Just what water waves do, as we saw in Chapter 11 (Eigs. 11-45 
and 11-46). The bending of waves behind obstacles into the “shadow region” 1s 
known as diffraction. Since diffraction occurs for waves, but not for particles, 1t 
can serve as one means for distinguishing the nature of light. 

Note, as shown In Eig. 24-2, that diffraction 1s most prominent when the s1ze 
of the opening 1s on the order of the wavelength of the wave. If the opening 1s 
much larger than the wavelength, diffraction may øo unnoficed. 

Does light exhibit difraction? In the mid-seventeenth century, the Jesuit 
priest Francesco Grimaldi (1618—1663) had observed that when sunlight entered 
a darkened room through a tiny hole in a screen, the spot on the opposite wall 
was larger than would be expected from geometric rays. He also observed that 
the border of the Image was not clear but was surrounded by colored fringes. 
Grimaldi attributed this to the diffraction of light. 

The wave model of light nicely accounts for diffraction. But the ray model 
(Chapter 23) cannot account for diffraction, and It is Important to be aware of such 
limitations to the ray model. Geometric opfics using rays 1s successful in a wide 
range of situations only because normal openings and obstacles are much larger 
than the wavelength of the light, and so relatively litle diffraction or bending 
OCCUTS. 
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“24-2 Huygens' Principle and the 
Law of Refraction 


The laws of reflection and refraction were well known in Newton* time. The law 
of reflection could not distinguish between the two theorles we Just discussed: 
waves versus particles. When waves reflect from an obstacle, the angle of1ncidence 
equals the anple of reflection (Hg. 11-36). The same is true of particles—think 
Of a tennis ball without spin striking a flat surface. 

The law of refraction 1s another matter. Consider a ray of light entering a co 
mnedium where 1t 1s bent toward the normal, as when traveling from a1r Into wafer. 
As shown m Fig. 24—3, this bending can be constructed using Huygens' principle 1Ÿ 
we assume the speed of lipht 1s less in the second medium (Đ; < Đị). In time í, Medium 1 


point B on wave front AB (perpendicular to the incoming ray) travels a distance 0¡ í 
to reach point D. Point A on the wave front, traveling mm the second medium, øoes 
a distance œ;f to reach point C, and œ;f < 0¡f. Huygens' principle 1s applied to 
poim(s A and B to obtain the curved wavelets shown at C and D. The wave front 1s 6 
tangent to these two wavelets, so the new wave front 1s the line CD. Hence the rays, 
which are perpendicular to the wave fronts, bend toward the normal 1Ï ; < œ¡, FIGURE 24-3 Refraction explained, 
as drawn. (This Is basically the same discussion as we used around Fig. 11-42.) using Huygens" principle. Wave 
Newton favored a particle theory of light which predicted the opposite result,  Ïronts are perpendicular to the rays. 
that the speed of light would be greater in the second medium (; > œ;¡). Thus the 
wave theory predicfs that the speed of light 1n water, for example, 1s less than In a1r; 
and Newton”s particle theory predicts the reverse. An experiment to actually meas- 
ure the speed of light in water was performed in 1850 by the French physicist Jean 
Foucault, and 1t confirmed the wave-theory prediction. By then, however, the wave 
theory was already fully accepted, as we shall see In the next Section. 
Snell's law of refraction follows directly from Huygens' principle, ø1ven that 
the speed of light » in any medium 1s related to the speed 1n a vacuum, c, and the 
index of refraction, ø, by Eq. 23-4: that is, ø = c/n. From the Huygens' con- 
s(ruction of Eig. 24-3, angle ADC 1s equal to Ø; and angle BAD 1s equal to 0¡. Then 
for the two triangles that have the common side AD, we have 


Medium 2 
(0 < ®ị) 


Ray 


. LN1 . %;f 
sinØ, = AD” sinØ; = AD 
We divide these two equations and obtain 
sin LấI = LủI 
sin 6; a 9 


Then, by Eq.23-4, ị = c/m„ and ; = c/n;, so we have 
”" sin 6 — Hạ sin 6; : 
which 1s Snell's law of refraction, Eq. 23—5. (The law of reflection can be derived 


from Huygens' principle in a similar Way.) 
'When a light wave travels from one medium to another, 1ts frequency does not Á&® CAUTION 


change, but 1ts wavelength does. This can be seen from Eig. 24—3, where each of the Frequency is fixed, 
blue lines representing a wave front corresponds to a crest (peak) of the wave. Then t0auelength can change 
À2 Đ;ạf Đạ 11 
Ài ịí li Hạ 


where, ¡in the last step, we used Eq. 23-4,  = c/n. If medium 1 is a vacuum (or 
air), sO 7 = 1, 0¡ = c, and we call À¡ simply À, then the wavelength in another 
medium of index of refraction ø (= n;) will be 

À 


.. (24-1) 


Thịs result 1s consistent with the frequency ƒ being unchanged no matter what 
medium the wave 1s traveling In, since c = ƒÀ. 


EXERGISEA. A light beam in air with waveleneth = 500 nm, frequeney = 6.0 x 1014 Hz, 
and speed = 3.0 x 10Ÿm/s goes into glass which has an index of refraction = 1.5. What 
are the wavelength, frequency, and speed of the light in the glass? 
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FIGURE 24-4 (a) A hiphway mirage. 
(b) Drawing (greatly exaggerated) 
showing wave fronfs and rays to 
explain hiphway mirages. Note how 
sections of the wave fronfts near the 


øround are farther apart and so are 
moving faster. 
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FIGURE 24-5 (a) Young”s double- 
slit experiment. (b) If lipht consists 
Of particles, we would expect to see 
two bripht lines on the screen behind 
the slifs. (c) In fact, many lines are 
observed. The slits and their 
Separation need to be very thin. 


Sun”s => 
TayS ¬ 


(a) Viewing screen 


(b) Viewing screen 
(particle theory 
prediction) 


c) Viewing screen 
(c) 8 
(actual) 
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Wave fronfts can be used to explain how mirages are produced by refraction 
of light. For example, on a hot day moforists sometimes see a mirage of wafter on 
the highway ahead of them, with distant vehicles seemingly reflected ín 1t 
(Fig. 24-4a). On a hot day, there can be a layer of very hot air next to the roadway 
(made hot by the Sun beating down on the road). Hot air 1s less dense than 
cooler air, so the Index oŸ refraction 1s slightly lower in the hot air. In Eig.24-4b, 
we see a diapram of lipht coming from one poïmt on a distant car (on the righf) 
heading left toward the observer. Wave fronfs and two rays (perpendicular to the 
wave fronfs) are shown. Ray A heads directly at the observer and follows a 
straipht-line path, and represents the normal view of the distant car. Ray B 1s a 
ray Inifially directed slightly downward but, instead of hitting the road, it bends 
slightly as it moves throuph layers o aIr of different Index of refraction. The wave 
fronts, shown In blue in Fig. 24—4b, move slightly faster in the layers of (less dense) 
air nearer the ground. Thus ray B 1s bent as shown, and seems to the observer to 
be coming from below (dashed line) as If reflected off the road. Hence the mirage. 


24—3 Interference—Youngs 
Double-Slit Experiment 


In 1801, the Englishman Thomas Young (1773-1829) obtained convincing evidence 
for the wave nature of light and was even able to measure wavelengths for visible 
light. Figure 24-5a shows a schematic diagram of Young”s famous double-slit 
experiment. To have light from a single source, Young used the sunlight passing 
through a very narrow slit in a window covering. This beam of parallel rays falls 
On a screen containing two closely spaced slits, S; and S2. (The slits and their sepa- 
rafion are very narrow, not much larger than the wavelength of the light.) If light 
consisfs Of tiny particles, we would expect to see two bright lines on a screen placed 
behind the slits as in (b). But instead, a series of bright lines are seen as in (c). 
Young was able to explain this result as a waye-interference phenomenon. 

To understand why, consider plane waves' of light of a single wavelength— 
called monochromatic, meaning “one color”——falling on the two sÏits as shown 1n 
Fig. 24-6. Because of diffraction, the waves leaving the two small sÏits spread out 
as shown. Thĩs is equivalent to the Interference pattern produced when two rocks 
are thrown Into a lake (Fig. 11-38), or when sound from two loudspeakers Inter- 
feres (Fig. 12—16). Recall Section 11—11 on wave interference. 


TSee pages 312 and 628. 


FIGURE 24-6 Plane waves 
(parallel flat wave fronts) fall on 
two slifs. If light 1s a wave, lipht 
passing throuph one of two sÏIts 
should Iinterfere with lipht 
passing throuph the other sÏit. 
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FIGURE 24-7 How the wave theory explains the pattern of lines seen ¡in the double-slit experiment. 

(a) At the center of the screen, waves from each slit travel the same distance and are in phase. [Assume £ >> đ.] 
(b) At this angle 0, the lower wave travels an extra distance of one whole wavelength, and the waves 

are in phase; note from the shaded triangle that the path difference equals đ sin Ø. (c) For this angle 6, 

the lower wave travels an extra distance equal to one-half wavelength, so the two waves arrive at the 

screen fully out of phase. (d) A more detailed diagram showing the geometry for parts (b) and (c). 


To see how an Interference pattern 1s produced on the screen, we make use 
of Eig. 24—7. Waves of wavelength À are shown entering the slits ŠS¡ and S;, which 
are a distance đ apart. The waves spread out in all directions after passing through 
the slits (Fig. 24-6), but they are shown In Figs. 24—7a, b, and c only for three dif- 
ferent angles Ø. In Eig. 24—7a, the waves reaching the center of the screen are shown 
(0 = 0°). Waves from the two sÏits travel the same distance, so they are in phase: 
a crest OŸ one wave arrives at the same time as a crest of the other wave. 
Hence the amplitudes of the two waves add to form a larger amplitude as shown 
in Fig. 24-8a. This 1s consfrucfive interference, and there 1s a bripht line at the 
center of the screen. Consfructive Interference also occurs when the paths of the 
two rays differ by one wavelength (or any whole number of wavelengths), as shown 
1n Eig. 24—7b; also here there wIll be a bright line on the screen. But 1Ý one ray travels 
an extra distance of one-half wavelength (or šÀ, šÀ, and so on), the two waves 
are exactly out of phase (Section 11—11) when they reach the screen: the crests of 
one wave arrive at the same time as the troughs of the other wave, and so they 
add to produce Zero amplitude (Fig. 24-8b). This is desfrucfive inferference, and 
the screen 1s dark, Eig. 24—7c. Thus, there wIll be a series of bright and dark lines 
(or fringes) on the viewing screen. 

To determine exactly where the bright lines fall, first note that Fig. 24-7 1s 
somewhat exaggerated; in real situations, the distance đ between the sÏIts 1s Very 
small compared to the distance £ to the screen. The rays from each slit for each 
case will therefore be essentially parallel, and Ø is the angle they make with the 
horizontal as shown in Hig. 24-7d. From the shaded right triangles shown 1n 
Figs. 24—7b and c, we can see that the extra distance traveled by the lower ray 1s 
đ sim 9 (seen more clearly in Eig. 24—7d). Constructive Interference will occur, and 
a bripht fringe wIll appear on the screen, when the paíh difference, đ sin 9, equals 
a whole number of wavelengths: 

consfructive 
đdsinØ = mà, m= 0,1,2,---. interference | (24-2a) 
(bright) 


The value of z 1s called the order of the Interference fringe. The first order 
(m = T1), for example, 1s the first fringe on each side of the central frimnge (which 
IS at Ø0 =0, m = 0). Destrucftive interference occurs when the path difference 
dsin Ø is 3À, ÿÀ, and so on: 
destructive 
dsin8 = (m + 3)À, m = 0,1,2,---. interference | (24-2b) 
(dark) 


The bright fringes are peaks or maxima of lipht Intensity, the dark fringes are minima. 


FIGURE 24-8 Two traveling waves 
are shown undergoing 

(a) constructive Interference, 

(b) destructive Interference. 

(See also Section 11-11.) 


(b) 
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FIGURE 24-9 (a) Interference 
fringes produced by a double-sÏlit 
experiment and detected by 
photographic film placed on the 
viewing screen. The arrow marks the 
central fringe. (b) Graph of the 
1ntensIty of light in the interference 
pattern. Also shown are values OŸ 7 
for Eq. 24-2a (constructive 
1nferference) and Eq. 24-2b 
(destructive Interference). 


$`*CAUTION 
se the approximation 
0  tan0 or 0 + sin0 
only iƒ9 is small 
and in radians 


FIGURE 24-10 Examples 24—1 and 
24-2. For small angles Ø (give Ø1n 
radians), the Interference fringes 
Occur at distance x = Øf above the đ d1 
center fringe (z = 0); Ø and xị are Ì + 
for the first-order fringe (mm = 1); 
Ø0; and xa are for mm = 2. 
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The intensity of the bright fringes 1s øreatest for the central frinse (z = 0) and 
decreases for higher orders, as shown in Fig. 24-9. How much the Intensity 
decreases with Increasing order depends on the width of the two sÏIts. 


Line spacing for double-slit interference. A screen 
contaIning two slits 0.100 mm apart 1s 1.20 m from the viewing screen. Light of 
wavelength À = 500nm falls on the slits from a distant source. Approximately 
how far apart will adJacent bright interference fringes be on the screen? 


APPROACH The angular position of bripht (constructive interference) fringes 
1s found using Eq.24-2a. The distance between the first two fringes (say) can be 
found using right triangles as shown 1n Fig. 24—10. 
SOLUTION Given đ = 0.100mm = 1.00 x 10m, À = 500 x 10?m, and 
£ = 1.20m, the first-order fringe (z = 1) occurs at an angle Ø given by 

. mÀ — (1)(500 x 10°”m) 

sinØ, = = = 

d 1.00 x 10m 

Thịs 1s a very small angle, so we can take sin 6Ø + 0, with Ø 1n radians. The first- 
order fringe will occur a distance x¡ above the center of the screen (see 
Fig.24-10), given by x;/Ê = tanØ¡ + Ø¡, sO 
f0, = (1⁄20m)(5.00 x 103) = 


The second-order fringe (zz = 2) wIll occur at 


= 5.00 x 103. 


6.00 mm. 


PB Nà 
2À 
*¿ ® 00; = lv ï = 12.0mm 


above the center, and so on. Thus the lower-order fringes are 6.00 mm apart. 


NOTE The spacing between fringes 1s essentially uniform until the approxima- 
tion sinØ + 6 1s no longer valid. 


CONCEPTUAL EXAMIPLE 24-2 | Changing the wavelength. (2z) What 


happens to the Interference pattern shown 1n Eig. 24-10, Example 24-1, 1ƒ the Inci- 
đent light (500 nm) is replaced by light of wavelength 700 nm? (b) What happens 
1nstead 1f the wavelength stays at 500 nm but the sÏ]its are moved farther apart? 


RESPONSE (+) When À increases in Eq. 24—2a but đ stays the same, the angle Ø 
for bripht frinses increases and the interference pattern spreads out. (b) Increasing 
the slit spacing đ reduces Ø for each order, so the lines are closer together. 


From Eqs. 24-2 we can see that, except for the zeroth-order frmge at the 
center, the position of the fringes depends on wavelength. When white light falls 
on the two sÏlits, as Young foundmn his experiments, the central fringe 1s white, but 
the fñrst (and higher) order fringes contain a spectrum of colors like a rainbow. 


Using Eq. 24-2a, we can see that Ø 1s smallest for violet lipht and largest for red 
(EFig. 24-11). By measuring the position of these fringes, Young was the first to 
determine the wavelengths of visible lipht. In doïng so, he showed that what 
distinguishes different colors physically is their wavelength (or frequency), an 
1dea put forward earlier by Grimaldi in 1665. 


EXAMPLE 24-3 | Wavelengths from double-slit interference. White light 
p2sSses through two slits 0.50 mm apart, and an Interference pattern 1s observed 
on a screen 2.5 m away. The first-order fringe resembles a rainbow with violet 
and red light at opposite ends. The violet light 1s about 2.0 mm and the red 3.5 mm 
from the center of the central white fringse (FEig. 24-11). Estimate the wavelengths 
for the violet and red light. 

APPROACH We find the angles for violet and red lipht from the distances given 
and the diagram of Fig. 24—10. Then we use Eq. 24—2a to obtain the wavelengths. 
Because 3.5 mm 1s much less than 2.5 m, we can use the small-angle approxImation. 
SOLUTION We use Eq.24-2a (đ sin 0 = mÀ) with mm = 1, d = 5.0 x 10m, and 
sin Ø tan 0 + Ø. Also Ø ~ x/# (Fig. 24-10), so for violet light, x = 2.0 mm, and 
dsin8 d0 dx 5.0 x 10“m\(2.0 x 103m 

1 25m 

or 400nm. For red light, x = 3.5 mm, so 
dx — (5.0% 10m \(3.5 x 103m 

1 25m 


À = 4.0 x 107m, 


m m m f 


À # 


= 7/0 x 10”m = 700nm. 
m ƒ 


EXERCISE B For the setup in Example 24-3, how far from the central white fringe 1s 
the first-order fringe for green light À = 500nm? 


Coherence 


The two slits in Fligs. 24-6 and 24—7 act as 1Ÿ they were two sources of radiation. 
They are called coherenf sources because the waves leaving them have the same 
wavelength and frequency, and bear the same phase relationship to each other at 
all times. This happens because the waves come from a single source to the left 
of the two slits. An Interference pattern 1s observed only when the sources are 
coherent. IÝ two tiny lightbulbs replaced the two slits, an Interference pattern 
would not be seen. The lipght emitted by one lightbulb would have a random 
phase with respect to the second bulb, and the screen would be more or less uni- 
formly 1lluminated. TWwo such sources, whose output waves have phases that bear 
no fixed relationship to each other over time, are called ineoherent sources. 


24—4 The Visible Spectrum and Dispersion 


Two of the most Important properties of light are readily describable In terms of the 
wave theory of light: mntensity (or briphtness) and color. The infensify of light is the 
©T€TðV 1t Carrles Der un1t area per unit time, and 1s related to the square of the ampli- 
tude of the wave, as for any wave (see Section 11-9, or Eqs. 22—7 and 22-8). The 
color of light 1s related to the frequency ƒ or wavelength À of the light. (Recall 
ÀAƒ =c= 3.0 x 10m/s, Eq. 22-4.) Visible light—that to which our eyes are 
sensitive—consists of frequencies from 4 x 10!2Hz to 7.5 x 101! Hz, correspond- 
¡ng to wavelengths in air of about 400 nm to 750 nm.” This is the visible spectrum, 
and withm 1t lie the different colors from violet to red, as shown 1n Fig. 24-12. 


Sometimes the angstrom (Ả) unit is used when referring to light: 1 Ä = 1 x 109m. Visible light 
has wavelengths in air of 4000 Ả to 7500 Ả. 


/ 
7.5 x 1014 Hz 6 x 101 Hz 5 x 10! Hz 4 x 1014 Hz 
———  aaahhnnnnnnnnnnnnnl 


White 


IN  MỊ 


-2.0 mm->]| 


|<———3.5 mm————l 


FIGURE 24-11 EFirst-order fringes 
for a double sÏit are a full spectrum, 
like a rainbow. Also Example 24-3. 


FIGURE 24-12 The spectrum of visible 
light, showing the range of frequencies 


not appear In the spectrum; they are 


and wavelengths In aïr for the varIous 
UV IR 
———— ——> colors. Many colors, such as brown, do 
À m___,,Ỷèềèề.ẻộ .saẽarưaraợyayaraaazayayanaHn 


made from a mixture of wavelengths. 
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FIGURE 24-13 White lipght passing 
throuph a prism 1s spread out IntO I(s 
constituent colors. 


FIGURE 24-15 White lieht dispersed 
by a prism into the visible spectrum. 


Screen 
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FIGURE 24-16 (a) Ray diasram showing how a rainbow (b) is formed. 


These two rays 
are seen by 
observer (not 
to scale) 
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Borate flint glass FIGUBE 24-14 
Index of refraction 
as a function of 
wavelength for 
VarIous transparent 
solids. 
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Light with wavelength (in air) shorter than 400 nm (= violet) 1s called ultraviolet 
(UV), and light with wavelength longer than 750 nm (= red) ¡s called infrared 
(IR).” Although human eyes are not sensitive to UV or IR, some types of photo- 
graphic film and other detectors do respond to them. 

A prism can separate white light into a rainbow of colors, as shown 1n Hg. 24-13. 
This happens when the Index of refraction of a mafterial depends on the wavelength, 
as shown for several materials in Hg.24—14. White light 1s a mixture of all visible 
wavelengths, and when I1ncident on a prism, as In Fig. 24—15, the different wave- 
lengths are bent to varying degrees. Because the Index of refraction 1s øreater for 
the shorter wavelengths, violet light 1s bent the most and red the least, as shown 1n 
Hig. 24-15. This spreading of white light into the full spectrum 1s called dispersion. 

Rainbows are a specfacular example of dispersion——by drops of water. You can 
see rainbows when you look at falling water droplets with the Sun behind you. 
Figure 24—16 shows how red and violet rays are bent by spherical water droplets 
and are reflected off the back surface of the droplet. Red 1s bent the least and so 
reaches the observer”s eyes from droplets higher In the sky, as shown In Flg. 24— 16a. 
Thus the top of the rainbow 1s red. 


Sunlien 


Red 
Orange 


Green 
Blue 
Violet 


(a) (b) 

Diamonds achieve their brilliance (Fig. 24—17) from a combination of disper- 
sion and total mternal reflection. Because diamonds have a very hiph index of 
refraction of about 2.4, the critical angle for total internal reflection 1s only 25”. 
The light dispersed 1nfo a spectrum I1nside the diamond therefore strikes many of 
the imnternal surfaces of the diamond before 1t strikes one at less than 25° and 
emerges. After many such reflections, the lipht has traveled far enouph that the 
colors have become sufficiently separated to be seen Individually and brilliantly 
by the eye after leaving the diamond. 

The visible spectrum, Eig. 24—12, does not show all the colors seen 1n nafure. 
For example, there 1s no brown 1n Fig. 24-12. Many of the colors we see are 
a mixture of wavelengths. For practical purposes, most natural colors can be 
reproducecd using three primary colors. They are red, green, and blue for direct 
Source viewing such as TV and computer monmitors. For imnks used In printing, the 
primary colors are cyan (the blue color of the margin notes in this book), yellow, 
and magenta (the pinkish red color we use for lipht rays in ray diagram§). 


“The complete electromagnetic spectrum is ïllustrated in Eig. 22-8. 


CONCEPTUAL EXAMIPLE 24-4 | Observed color of light under water. Wc 


said that color depends on wavelength. For example, light of wavelength 
Ào = 650 nm ïn air, we see red. If we observe the same obJect when under 
water, 1t still looks red. But the wavelength In water À„ 1s (Eq. 24-1) 
Àw = Ào/n„ = 650nm/1.33 = 489nm. Light with wavelensth 489 nm ïn aiïr 
would appear blue In air. Can you explain why the light appears red rather than 
blue when observed under water? 


RESPONSE Today we have little doubt that it is our brains that express colOrs, 
based on the wavelengths of light that strike the receptor cells within the retina 
(at the rear of the eyeball, as diasrammed In the next Chapter, Fig. 25-9). For 
obJects under water, the water does nothing to change the frequency, but does 
change the wavelength to Ào/„„. When that light enters the eye, the frequency 
is sữill unchanged, but the speed is changed to c/¿y¿ where 7¿y¿ is the index of 
refraction of the fluid that fiIs the interior of the eye and 1s in contact with the 
retina. The wavelength of light that reaches the retina is Àey¿ = Ào/#¿y;, and is 
the same whether the light enters from the air or from water. 


24-5 Diffraction by a Single Slit or Disk 


Young?s double-slit experiment put the wave theory of light on a firm footing. 
But full acceptance came only with studies on diffraction (Section 24—1) more 
than a decade later, in the 1810s and 1820s. 

We have already discussed diffraction briefly with regard to water waves 
(Section 11—14) as well as for light (Section 24—1). We have seen that diffraction 
refers to the spreading or bending of waves around edges. Lets look in more đdetaIl. 

In 1819 Augustin Fresnel (1788-1827) presented to the French Academy a 
wave theory of light that predicted and explained I1nterference and diffraction 
effects. Almost Immediately Siméon Poisson (1781—1840) pointed out a counter- 
Iintuifive Inference: according to Eresnel's wave theory, 1Ý light from a poinf source 
were fo fall on a solid disk, part of the Incident light would be diffracted around the 
edges and would consfructfively interfere at the center of the shadow (Eig. 24-18). 
That prediction seemcd very unlikely. But when the experiment was actually carried 
out by Erancois Arago, the bright spot was seen at the very center of the shadow 
(Fig.24—19a). This was strong evidence for the wave theory. 

Figure 24—19a 1s a photograph of the shadow cast by a con using a coherent 
point source of light, a laser in this case. The bright spot 1s clearly present at the 
center. Note also the bright and dark fringes beyond the shadow. These resemble 
the Interference fringes of a double slit. Indeed, they are due to interference of 
waves diffracted around the outer edge of the disk, and the group of fringes 1s 
referred to as a difraction paftern. A diffraction pattern exists around any sharp- 
edged object i1lluminated by a point source, as shown 1n Fligs. 24-19b and c. We 
are not always aware of diffraction because most sources of light in everyday life 
are not poimnts, so light from different parts of the source washes out the paftern. 


spot 


FIGURE 24-18 If light is a wave, 
a bripht spot wIll appear at the center 


of the shadow of a solid disk 
1lluminated by a point source of 
monochromatic light. 


FIGURE 24-19 Diffraction pattern 


of (a) a circular disk (a coïin), 
(b) seissors, (c) a single slit, each 


1lluminated by a (nearly) point source 
of coherent monochromatic lipht. 


(c) 
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To see how a diffraction patfern arises, we analyze the Important case of 
monochromatic light passing through a narrow slit (as for Eig. 24—19c). We assume 
that parallel rays (plane waves) of light pass straight through a slit of width D 
to a viewing screen very far away.” As we know from studying water waves and 
from Huygens' principle, waves passing through a slit spread out in all directions. 
Wce will now examine how the waves passing through different parts of the slit 
Iinterfere with each other. 


' 


Si 
lÍ | —, JNG 6 
D D1 
+ =7 + 5 ^⁄ 
(a)0 =0 (b) sin0 = 2 (c)sin0= (đ) sinØ = 
Bright Dark Bright Dark 


FIGURE 24-20 Analysis of diffraction pattern formed by light passing through a narrow slit of width 7D. 


Parallel rays of monochromatic lipght pass through the narrow sÏit as shown In 
Hig. 24-20a. The slit width D 1s on the order of the wavelength À of the light, but 
the sIIUs length (nto and out of page) may be large compared to À. The light falls 
on a screen which 1s assumecd to be very far away, so the rays heading toward any 
point are very nearly parallel before they meet at the screen. First we consider 
rays that pass straight through as In Eig. 24-20a. They are all in phase, so there 
will be a central bright spot on the screen (see Fig. 24—19c). In Fig. 24-20b, we 
consider rays moving at an angle Ø such that the ray from the top of the slit travels 
exactly one wavelensth farther than the ray from the bottom edge to reach the 
screen. The ray passing through the very center of the slit will travel one-half 
wavelength farther than the ray at the bottom of the slit. These two rays will be 
exactly out of phase with one another and so wIll destructively interfere when 
they overlap at the screen. Similarly, a ray slightly above the bottom one wll cancel 
a ray that 1s the same distance above the central one. Indeed, each ray passing 
through the lower half of the slit will cancel with a corresponding ray passing 
through the upper half. Thus, all the rays destructively interfere In pairs, and so 
the light intensity wiIll be zero on the viewing screen at this angle. The angle 6 at 
which this takes place can be seen from Eig. 24—-20b to occur when À = Dsin6, so 


sinØ = m [firstminmum| (24-3a) 
The lipht Intensity 1s a maxinum at Ø = 0° and decreases to a minimum 
(intensity = zero) at the angle Ø given by Eq. 24-3a. 

Now consider a larger angle Ø such that the top ray travels š À farther than the 
bottom ray, as in Fig. 24—20c. In this case, the rays from the bottom third of the 
slit wïll cancel in pairs with those in the middle third because they will be À/2 out 
of phase. However, light from the top third of the slit wIll still reach the screen, 
so there will be a bright spot (or fringe) centered near sin Ø8  3À/2D, but it wïl 
not be nearly as bright as the central spot at Ø = 0°. For an even larger angle 6 
such that the top ray travels 2À farther than the bottom ray, Eig. 24-20d, rays 
from the bottom quarter of the slit wIll cancel with those in the quarter Just 
above it because the path lengths differ by À/2. And the rays throueh the quarter 
of the slit Just above center will cancel with those through the top quarter. At this 
angle there wIll again be a minimum oŸ zero intensity in the diffraction pafttern. 


TT the viewing screen is not far away, lenses can be used to make the rays parallel. 
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Intensity 


3Ã 24 Ä 0 Â 2Â 3A sin9 


D D D D D D 


A plot of the Iintensity as a function of angle 1s shown 1n Eig. 24-21. This corre- 
sponds well with the photo of Eig. 24—19c. Notice that minima (zero intensity) 
occur on both sides of center at 


Dsin0 = mà, m = +I1, +2, +3,---, [minmal (24-3b) 


but mí at mm = 0 where there 1s the strongest maximum. Between the minima, 
smaller intensity maxima occur at approximately (not exactly) ø + š, š, -- 

Note that the minửna for a diffraction pattern, Eq. 24—-3b, satisfy a criterion 
that looks very similar to that for the zmaxửna (bright spots or fringes) for double- 
sHit interference, Eq. 24-2a. Also note that D 1s a single slit width, whereas đ in 
Eqs. 24-2 1s the distance between two sÏ1ts. 


EXAMPLE 24-5 | Single-slit diffraction maximum. L¡ght of wavelength 
750 nm passes through a slit 1.0 x 10 3mm wide. How wide is the central max- 
imum (2) in degrees, and (b) in centimeters, on a screen 20 em away? 


APPROACH The width of the central maximnum goes from the first minimum 
on one side to the first minimum on the other side. We use Eq. 24—3a to find the 
angular posifIion of the first single-slit diffraction minimum. 


SOLUTION (a) The first minimum occurs at 


: À 7.8 X II” 
sinØ = = = = 0.75. 
D 1.0 x 10 °m 


So Ø = 49”. This 1s the angle between the center and the first minimum, 
Hig. 24-22. The angle subtended by the whole central maximum, between the 
minima above and below the center, 1s twIce this, or 98. 

(b) The width of the central maximum ¡is 2x, where tanØ = x/20cm. So 
2x = 2(20 cm)(tan 49”) = 46 cm. 


NOTE A large width of the screen will be illuminated, but it wïll not normally 
be very bright since the amount of light that passes through such a small slit will 
be small and 1t 1s spread over a large area. Note also that we cannof use the 
small-angle approximation here (Ø % sinØ tan Ø9) because 0 1s large. 


EXERCISE € In Example 24-5, red light (À = 750 nm) was used. If instead yellow light 
(À = 550nm) had been used, would the central maximum be wider or narrower? 


CONCEPTUAL EXAMIPLE 24-6 | Diffraction spreads. Lipht shines through 


a small rectangular slit that 1s narrower in the vertical direction than the 
horizontal, Fig. 24-23. (a) Would you expect the diffraction pattern to be more 
spread out in the vertical direction or in the horizontal direction2 (5) Should 
a rectangular loudspeaker horn at a stadium be tall and narrow, or wide and flat? 


RESPONSE (2z) From Eq. 24-3a we can see that If we make the slit width D 
smaller, the pattern spreads out more (Ø will be larger in Eq. 24-3a). This 1s 
consistent with our study of waves in Chapter 11. The diffraction through the 
rectangular hole will be wider vertically, since the opening 1s smaller in that 
direction. 


(b) For a stadium loudspeaker, the sound pattern desired 1s one spread out 
hor1zontally, so the horn should be tall and narrow (rotate Fig. 24-23 by 90°). 


FIGURE 24-21 Intensity ¡in the diffraction 
pattern of a single sÏit as a function of sin 6. 
Note that the central maxImum 1s not only 
much hipher than the maxima to each side, but 
1t is also twice as wide (2ÀA/D wide) as any of 
the others (each only À/D wide). 


$©cAuiion 
Don† confse Eqs. 24-2 ƒor interference 
tuih Eqs. 243 for diffracion; 

note the difƒerences 


FIGURE 24-22 Example 24-5. 


1ntenSIty N 
on screen 


FIGURE 24-23 Example 24-6. 
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FIGURE 24-24 Diffraction grating. 


SÊŠ*CAUTION 


Diffraction grating is analyzed 
using interƒference ƒormulas, 
not diffraction ƒormulas 


FIGURE 24-25 Intensity as a 
function of viewing angle Ø (or 
pOosition on the screen) for (a) two 
slits, (b) six slits. For a diffraction 
ørating, the number OŸ sÏIfS IS very 
large (~ 10!) and the peaks are 


narrower still. 


m=]I  m=\(U m 
(a) 
m=1l m=\(U m 


24-6 Diffraction Grating 


A laree number of equally spaced parallel slits is called a diffraction grafting, 
although the term “interference grating” might be as appropriate. Gratings can 
be made by precision machining of very fine parallel lines on a glass plate. The 
untouched spaces between the lines serve as the slits. Photopraphic transparen- 
Cles Of an oripinal ørafing serve as Inexpensive grafinss. Grafings containing 
10,000 lines or sÏits per centimeter are common, and are very useful for precIse 
measurements of wavelengths. A diffraction grating containing slits 1s called a 
transmission ørafing. Another type of diffraction grating 1s the reflection grating, 
made by ruling fine lines on a metallic or ølass surface from which lipht 1s reflected 
and analyzed. The analysis 1s basically the same as for a transm1ssion ørating, which 
We€ nOowW discuss. 

The analysis of a diffraction grating 1s much like that of Young”s double-slit 
experiment. We assume parallel rays of light are incident on the grafing as shown 
1n Eig. 24-24. We also assume that the slits are narrow enouph so that diffraction 
by each of them spreads light over a very wide angle on a distant screen beyond 
the grating, and Interference can occur with light from all the other slits. Lipht rays 
that pass through each slit without deviation (0Ø = 0°) interfere construcftively 
to produce a bripht maximum at the center of the screen. Construcfive Interfer- 
ence also occurs at an angle Ø such that rays from adjacent slits travel an extra 
distance of Aƒ = 7À, where 7m is an integer. If đ is the distance bef+ueen sÌits, 
then we see from Fig. 24-24 that A# = đsin0, and 


diffraction ørating 


À 
sin0 = —— m= 0,1,2, -- HH 
principal maxima 


ai | (24-4) 
1S the criferion to have a briphtness maximum. Thịs 1s the same equation as for 
the double-slit situation, and again z is called the order of the pattern. 

There 1s an important difference between a double-slit and a multiple-slit 
pattern. The bripht maxima are much sharper and narro+0er for a grating. Why? 
Suppose the angle Ø in Eig. 24-24 1s Increased Just slightly beyond 6 required 
for a maximum. For only two slits, the two waves will be only sliphtly out of 
phase, so nearly full constructfive 1nterference occurs. This means the maxima are 
wide (see Fig. 24-9). For a grating, the waves from two adjacent slits will also 
not be significantly out of phase. But waves from one slit and those from a 
second one a few hundred slits away may be exactly out of phase; all or nearly 
all the light can cancel in pairs In this way. For example, suppose the angle 6 
1S very sliphtly different from 1(s first-order maximum, so that the extra path 
length for a pair of adJacent slits 1s not exactly À but rather 1.0010À. The wave 
through one slit and another one 500 slits below wIll have a path difference of 
1À + (500)(0.0010À) = 1.5000À, or 1; wavelengths, so the two will be out of phase 
and cancel. A palr of slits, one below each of these, wIll also cancel. That 1s, the 
light from slit 1 cancels with light from slit 501; hght from slit 2 cancels with light 
from slit 502, and so on. Thus even for a tiny angle” corresponding to an extra path 
length of ¡qjpgÀ, there is much destrucfive interference, and so the maxima of a 
diffraction grating are very narrow. The more slits there are In a grating, the sharper 
will be the peaks (see Eig. 24-25). Because a grating produces much sharper 
maxima than two slits alone, and also much brighter maxima because there are 
many more sÏits, a ørafing 1s a far more precise device for measuring wavelensgths. 

Suppose the light striking a diffraction grating 1s not monochromatic, but con- 
SISfs OŸ two or more distinct wavelengths. Then for all orders other than z = 0, 
each waveleneth will produce a maximum at a different angle (Eq. 24-4), forming 
a line on the screen as shown In Flig. 24-26a. 


?Depending on the total number of slits, there may or may not be complete cancellation for such an 
angle, so there will be very tiny peaks between the main maxima (see Fig. 24—25b), but they are usually 
much too small to be seen. 
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m= 2 m=2m= Ì m= ] m=0 m=l m=lm=2 =2 


IIEsiimirmeimimIiEemil FIGURE 24-26 Spectra produced by 


700 400 700 400 Both À 400 700 400 700 a grating: (a) two wavelengths, 400 nm and 
DưM KP Hơn CỤ (a) vn ch ng li 700 nm; (b) white lipht. The second order 
wIll normally be dimmer than the first 


m=0 m=l m=2 order. (Higher orders are not shown.) If the 
ørating spacing 1s small enouph, the second 
and higher orders wIll be missing. 


Rainbow Rainbow White Rainbow Rainbow 
(fainter) (fainter) 


(b) 


If white light strikes a grating, the central (z = 0) maximum will be a sharp 
white line. But for all other orders, there will be a distinct spectrum of colors spread 
out Over a certain angular width, Eig. 24—-26b. Because a diffraction grating spreads 
out light into 1fs component wavelengths, the resulting pattern 1s called a specfrum. 


EXAMPLE 24-7 | Diffraction grating: line positions. Determine the angular 
posttons of the first- and second-order lines (maxima) for light of wavelength 
400 nm and 700 nm 1ncident on a grating containing 10,000 slits per centImeter. 
APPROACH Hirst we find the distance đ between grating slits: If the prating has 
Nslits in 1m, then the distance between slits is đ = 1/N meters. Then we use 
Eq.24-4, sin Ø = mÀ/đ, to get the angles for the two waveleneths for z = 1 and 2. 
SOLUTION The grating contains 1.00 x 10!slits/cm = 1.00 x 106slits/m, 
which means the distance between sls ¡is đ = (1/1/00 x 109)m = 
1.00 x 10 “m = 1.00 m. In first order (z = 1), the angles are 


tHẾ. (1)(4.00 x 10 ”m) 


Ín Đạo = = = 0.400 
nh HỘ) d 1.00 x 10m 

(1)(7.00 x 107m) 

sinØze, = Lõi: %:'10 5m = 0.700 


so Ø¿oop = 23.6° and Ø;oạ; = 44.4°. In second order, 
9À (2)(4.00 x 107m) 


in đạy = = = 0.800 
SH UẬM d 1.00 x 105m 

(2)(7.00 x 107m) 

sIn Ổzog —= 1.00 x 105m — 1.40 


SO Ø¿o; = 53.1”. But the second order does not exist for À = 700nm because 
sin Ø cannot exceed 1. No higher orders wIll appear. 


Spectra overlap. White light containing wavelengths from 
400 nm to 750 nm strikes a grating containing 4000 slits/cm. Show that the blue 
at À = 450nm of the third-order spectrum overlaps the red at 700 nm of the 
second order. 


APPROACH We use sinØ = mÀ/đ to calculate the angular positions of the 
mm = 3 blue maximum and the #z = 2 red one. 


SOLUTION The grating spacing is đ = (1/4000) cm = 2.50 x 105m. The blue 
of the third order occurs at an angle Ø given by 


3)(4.50 x 107 
"". \ ề -IỂG 0.540. 
d (2.50 x 10 “m) 


Red in second order occurs at 


(2)(7.00 x 107m) 
sinØ = „ = 0.500, 
(2.50 x 10 “m) 


which 1s a greater angle; so the second order overlaps into the beginning of the 
third-order spectrum. 
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Eye 
FIGURE 24-27 Spectrometer or 
Specfroscope. 


FIGURE 24-28 Line spectra for the 
gases Indicated, and the spectrum 
{rom the Sun showing absorption 
lines. 


Atomic hydrogen 


Solar absorption spectrum 


EXERCISE D You are shown the spectra produced by red light shining through two 
different gratings. The maxima In spectrum A are farther apart than those In spectrum B. 
'Which grating has more slits/cm? 


24—2 The Spectrometer and Spectroscopy 


A specfrometer or specfroscope, Eig. 24-27, 1s a device to measure wavelengths 
accurately using a diffraction grating (or a prism) to separate different wavelenegths 
Of light. Light from a source passes through a narrow slit S in the “collimator.” 
The sÏIt 1s at the focal point of the lens L, so parallel Ight falls on the grating. The 
movable telescope can bring the rays to a focus. NÑothing will be seen in the vIiewing 
telescope unless 1t 1s positioned at an angle Ø that corresponds to a diffraction peak 
(ñrst order 1s usually used) of a wavelength emitted by the source. The angle Ø can be 
measured to very hiph accuracy, so the wavelength can be determined to high accuracy 
using Eq. 24-4: 


/- 
À = —sin0, 
m 


where z 1s an integer representing the order, and đ is the distance between grating 
sHits. The bright line you see 1n a spectrometer corresponding to a discrete particular 
wavelength 1s actually an Image ofthe slit S. A narrower slit results in dimmer light, but 
we can measure the angular position more precisely. If the light contains a confinu- 
Ous range of wavelengths, then a continuous spectrum 1s seen In the spectroscope. 

The spectrometer In Fig. 24-27 uses a transmission ørating. Others may use a 
reflection grafing, or sometimes a prism. A prism works because of dispersion 
(Section 24-4), bending light of different wavelengths into different angles. A prism 
1s nof a linear device and must be calibrated because À 1s not œ sin Ø; see Elg.24—14. 

An important use of a spectrometer 1s for the 1dentification oŸ atoms or 
molecules. When a gas 1s heated or an electric current 1s passed through t, the gas 
emits a characteristic line specfrum. That 1s, only certain discrete wavelengths of 
light are emitted, and these are different for đifferent elements and compounds.” 
Figure 24-28 shows the line spectra for a number of elements 1n the gas sftate. 
Line spectra occur only for gases at hiph temperatures and low pressure and 
density. The light from heated solids, such as a lightbulb filament, and even from 
a dense gøaseous obJect such as the Sun, produces a confinuous specfrum including 
a wide range of wavelengths. 

Figure 24-28 also shows the Suns “confinuous spectrum,” which contains a num- 
ber of đark lines (only the most prominent are shown), called absorpfion lines. Atoms 
and molecules can absorb light at the same wavelengths at which they emit lipht. 


TWhy atoms and molecules emit line spectra was a great mystery for many years and played a central 
role in the development of modern quantum theory, as we shall see in Chapter 27. 
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The Sun”s absorption lines are due to absorption by atoms and molecules in the 
cooler outer atmosphere of the Sun, as well as by atoms and molecules in the 
Earths atmosphere. A careful analysis of all the Sun”s thousands of absorption 
lines reveals that at least two-thirds of all elements are present In the Sun”s 
atmosphere. The presence of elements in the atmosphere of nearby planets, in 
1nferstellar space, and In sfars, 1s also determined by spectroscopy. 

Specfroscopy 1s useful for determining the presence of certain types of 
molecules 1n laboratory specimens where chemical analysis would be difficult. For 
example, biological DNA and different types of protein absorb light in particular 
regions of the spectrum (such as in the UV). The material to be examined, which 
1S Often in solution, 1s placed in a monochromatic light beam whose wavelength 1s 
selected by the placement angle of a diffraction grating or prism. The amount of 
absorption, as comparcd to a standard solution without the specimen, can reveal 
not only the presence of a particular type of molecule, but also 1ts concenfration. 

Light emission and absorption also occur outside the visible part of the 
Spectrum, such as in the UV and TR regions. Glass absorbs light in these reglons, sO 
reflection gratings and mirrors (in place of lenses) are used. Special types of film 
OT SenSOrS are used for detection. 


Hydrogen spectrum. Light emitted by hot hydrogen gas is 
observed with a spectroscope using a diffraction grating having 1.00 x 10!slits/cm. 
The spectral lines nearest to the center (05) are a violet line at 24.2°, a blue line 
at 25.7”, a blue-preen line at 29.1”, and a red line at 41.0” from the center. What 
are the wavelengths of these spectral lines of hydrogen? 

APPROACH We get the wavelengths from the angles by using À = (đ/m) sin 9 
where đ 1s the spacing between slits, and 7 is the order of the spectrum (Eq. 24-4). 
SOLUTION Since these are the closest lines to Ø = 0°, this is the first-order 
spectrum (: = 1). The slit spacing is đ = 1/(1.00 x 10*cm'1) = 1.00 x 10m. 
The wavelength of the violet line 1s 


đ 1.00 x 105 
À= (2) sin Ø = l ĩ °) sin24⁄2° = 4.10 x 10m = 410nm. 
The other wavelengths are: 
blue: À = (100 10“m)sin25.7° = 434nm, 
blue-green: À = (100 10m)sin29.1° = 486nm, 


red: À = (100 x 10m)sin41.0° = 656nm. 


NOTE In an unknown mixture of gases, these four spectfral lines need to be 
seen to identify that the mixture contains hydrogen. 


24—8 Interference in Thin Films 


Interference of light g1ves rise to many everyday phenomena such as the bright 
colors reflected from soap bubbles and from thin oil or gasoline films on water, 
Fig. 24-29. In these and other cases, the colors are a result of constructive 1nferfer- 
ence between lipht reflected from the two surfaces of the thin film. The effect 1s 
observed only 1f the thickness of the film 1s on the order of the wavelength of the light. 
TỶ the film thickness 1s preater than a few wavelengths, the effect gets washed out. 


@ÒPHvsics APPLIED 


Chemical and biochemical analysis 
by specfroscopy 


FIGURE 24-29 Thin-film 
Interference pafterns seen In 

(a) a soap bubble, (b) a thin film of 
soapy wafer, and (c) a thin layer of 
Oil on weft pavement. 
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AVWcC AIr 


B Water 


FIGURE 24-30 L¡ght reflected from 
the upper and lower surfaces of a 
thin film of oïl lying on water. 


FIGURE 24-31 Newton* rings. 
(a) Lipht rays reflected from upper 
and lower surfaces of the thin air 
gap can interfere. (b) Photograph 
Of interference patterns using 
white lipht. 
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To see how thịs thin-film interference happens, consider a smooth surface of 
water on top of which 1s a thin uniform layer of another substance, say an oil whose 
index of refraction 1s less than that of water (we' ]l see why we assume this shortly); 
see Fig. 24-30. Assume for now that the Iincident lipht 1s of a single wavelength. 
Part of the incident light 1s reflected at A on the top surface, and part of the light 
transmitted 1s reflected at B on the lower surface. The part reflected at the lower 
surface must travel the extra distance ABC. If this pah difference ABC equals one 
or a whole number of wavelengths in the film (A„), the two waves will reach the 
eye in phase and Interfere constructfively. Hence the region AC on the surface 
film will appear bright. But if ABC equals ?À„, 3À„, and so on, the fwo waves 
wIll be exactly out of phase and destructfive Interference occurs: the area AC 
on the film will show no reflection—it will be dark (transparent to the dark 
material below). The wavelensth À„ is the +0auelength in the film: À„ = À/n, 
where ø 1s the Index of refraction In the film and À 1s the wavelength in vacuum. 
See Eq. 24-1. 

'When white light falls on such a film, the path difference ABC wIll equal À„ 
(or mÀ„, with z = an integer) for only one wavelength at a given viewing angle. 
The color corresponding fo À (À in air) will be seen as very bripht. For light viewed 
at a slightly different angle, the path difference ABC wIll be longer or shorter 
and a different color will undergo constructive interference. Thus, for an extended 
(nonpoïnt) source emitting white light, a series of bripght colors will be seen next 
to one another. Variations in thickness of the film will also alter the path differ- 
ence ABC and therefore affect the color of light that 1s most strongly reflected. 


EXERCISE E Return to the Chapter-Opening Quesfion, page 679, and answer It again 
now. Try to explain why you may have answered differently the first time. 


When a curved glass surface 1s placed in contact with a flat glass surface, 
Hig. 24-31, a serles oŸ concentric rings 1s seen when 1lluminated from above 
by either white light (as shown) or by monochromatic light. These are called 
Newton% rings” and they are due to interference between waves reflected by the 
top and bottom surfaces of the very thin đr gap between the two pleces of glass. 
Because this gap (which 1s equivalent to a thin film) increases in width from the 
central contact point out to the edges, the extra path length for the lower ray 
(equal to BCD) varies. Where ¡it equals 0, 2À, À, ị À, 2À, and so On, 1t corresponds 
to consfrucftive and destructive Interference; and this ø1ves rise to the series of bright 
colored circles seen in Eig. 24—-31b. The color you see at a given radius corresponds 
to construcfive interference; at that radius, other colors partially or fully destruc- 
tively mterfere. (If monochromatic lipht 1s used, the rings are alternately bright 
and dark.) 

The poiïnt of contact of the two ølass surfaces (A in Eig. 24—31a) is not bright 
1n Eig. 24-31b. Since the path difference 1s zero here, our previous analysis would 
suggest that the waves reflected from each surface are in phase——so this central area 
ought to be bright. But it is dark, which tells us the two waves must be completely 


TAlthough Newton gave an elaborate description of them, they had been first observed and described 
by his contemporary, Robert Hooke. 


(a) (b) 


ature of Light 


out of phase. This can happen only 1ƒ one of the waves, upon reflection, flips 
OVer—a crest becomes a trough—see Fig. 24-32. We say that the reflected wave 
has undergone a phase shift of 180°, or of half a wave cycle (2À). Indeed, this 
and other experiments reveal that, at normal incidence, 


a beam of light, reflected by a material with index of refraction øreater than 
that of the maferial in which it is traveling, changes phase by 180° or ÿ cycle; 


see Fig. 24-32. This phase shift acts just like a path difference of 2À. If the 
Index of refraction of the reflecting material 1s less than that of the material in 
which the light is traveling, no phase shift occurs.” 

Thus the wave reflected at the curved surface above the air gap in Hig.24-31a 
undergoes no change in phase. But the wave reflected at the lower surface, where 
the beam in air strikes the glass, undergoes a ¿-cycle phase shift, equivalent to 
a 2À path difference. Thus the two waves reflected near the point of contact A of 
the two glass surfaces (where the air gap approaches zero thickness) wIll be a half 
cycle (or 180”) out of phase, and a dark spot occurs. Bright colored rings will occur 
when the path difference 1s 2À, 3À, and so on, because the phase shift at one 
surface effectively adds a path difference of À (= ;cycle). (If monochromatic 
light is used, the bright Newton”s rings wIll be separated by dark bands which 
occur when the path diference BCD in Hig. 24—31a is equal to an Integral number 
of wavelengths.) 

Returning for a moment to Eig. 24-30, the light reflecting at both interfaces, 
air-oil and oil-water, each underwent a phase shift of 180” equivalent to a path 
difference of ÿÀ, since we assumed 7t; > mọi > mạ¡r. Because the two phase 
shifts were equal, they didn”t affect our analys1s. 


Thin film of air, wedge-shaped. A vcry fine wire 
7.35 x 10 mm in diameter is placed between two flat glass plates as in 
Fig. 24-33a. Lipght whose wavelength In aïr is 600 nm falls (and is viewed) per- 
pendicular to the plates and a series of bripht and dark bands 1s seen, Fig. 24—33b. 
How many light and dark bands will there be In this case? WIII the area next to 
the wrre be bright or dark? 


APPROACH We necd to consider two effects: (1) path differences for rays 
reflecting from the two close surfaces (thin wedge of air between the two gÌass 
plates), and (2) the ;-cycle phase shift at the lower surface (point E in 
Fig.24-33a), where rays In air can enter glass (or be reflected). Because there 1s 
a phase shift only at the lower surface, there will be a dark band (no reflection) 
when the path difference 1s 0, À, 2À, 3À, and so on. Since the light rays are 
perpendicular to the plates, the extra path length (DEE) equals 2/, where í 1s 
the thickness of the air gap at any poInt. 


SOLUTION Dark bands will occur where 
2Í =  mÀ, m = „1, 2, ---. 


Bright bands occur when 2í = (m + 5)À, where z is an integer. At the 
position of the wire, /£= 735 X 10m. At this point there wil be 
2t/A = (2)(7.35 x 10ˆ°m)/(6.00 x 10 ”m) = 24.5 wavelengths. This is a “half 
Iinteger,” so the area next to the wire wIll be bright. There wil be a total 
of 25 dark lines along the plates, corresponding to path lengths DEE of 
0À, 1À, 2À, 3À, -::, 24A, Including the one at the point of confact A (7m = 0). 
Between them, there wIll be 24 bright lines plus the one at the end, or 25. 


NOTE The bright and dark bands will be straight only If the glass plates are 
extremely flat. IỶ they are not, the pattern 1s uneven, as in Fig. 24—33c. Thus we 
See a Very precise way Of testing a glass surface for flatness. Spherical lens 
surfaces can be tested for precision by placing the lens on a flat glass surface 
and observing Newton's rings (Eig. 24—31b) for perfect circular1ty. 


“This result corresponds to the reflection of a wave traveling along a cord when it reaches the end. As 
we saw In Fig. 11-33, If the end is tied down, the wave changes phase and the pulse flips over, but If 
the end 1s free, no phase shift occurs. 


SECTION 24-8 


HỊ ñ1ạ>1\ 


Ị Hạ <1 


(b) 
FIGURE 24-32 (a) Reflected ray 
changes phase by 180° or ÿ cycle if 
nạ > mị, but (b) does not IŸ úy < mị. 


FIGURE 24-33 (a) Light rays reflected 
from the upper and lower surfaces of 
a thin wedge of air (between two glass 
plates) Interfere to produce bright and 
dark bands. (b) Pattern observed 
when glass plates are optically flat; 

(c) pattern when plates are not so flat. 


See Example 24-10. Ậ 


C 
AE E Bị (a) 


(b) 
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n= 1.35 


Incident ray 
Reflected rays 


Bubble 
Inf©rIOr 


n= 1.00 


Outside aIr 
n= 1.00 


FIGURE 24-34 Soap bubble, 
Example 24—11. The incident and 
reflected rays are assumed to be 
perpendicular to the bubble”s 
surface. They are shown at a slight 
angle so we can distinguish them. 


$*CAUTION 


A ƒormula ïs not enough: you must also 
check for phase changes at surƒaces 


FIGURE 24-29b (Repeated.) 
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When white light (rather than monochromatic lipht) 1s incident on the thin 
wedge of arr in Fig. 24-31a or 24—33a, a colorful series oŸ fringes 1s seen because 
constructfive Interference occurs for different wavelengths 1n the reflected light at 
different thicknesses along the wedge. 

A soap bubble (Hig. 24-29a and Chapter-Opening Photo) is a thin spherical 
shell (or film) with air inside. The variations in thickness of a soap bubble film give 
TIse to bright colors reflected from the soap bubble. (There 1s air on both sides of 
the bubble film.) Similar variations im film thickness produce the bright colors seen 
reflecting from a thin layer of oïil or gasoline on a puddle or lake (Eig. 24—29c). 
'Which wavelengths appear brightest also depends on the viewing angle. 


EXAMPLE 24-11 | Thickness of soap bubble skin. A soap bubble appears 
øreen (À = 540 nm) at the point on 1s front surface nearest the viewer. What Is 
the smallest thickness the soap bubble film could have? Assume ứ = 1.35. 


APPROACH Assume the light is reflected perpendicularly from the point on a 
spherical surface nearest the viewer, Fig. 24-34. The light rays also reflect from 
the inner surface of the soap bubble film as shown. The path difference of these 
two reflected rays 1s 2f, where f 1s the thickness of the soap film. Lipht reflected 
from the first (outer) surface undergoes a 180° phase change (Index of refraction 
OŸ soap 1s preater than that of air), whereas reflection at the second (inner) sur- 
face does not. To determine the thickness f for an Interference maximum, we 
must use the wavelenøth of lipht in the soap (w = 1.35). 


SOLUTION The 180° phase change at only one surface is equivalent to a 3 À path 

difference. Therefore, green light 1s bripht when the minimum path difference 

equals $À„. Thus, 2/ = À„/2, so 
Àn À 


f — — 
4 4n 


Thịs 1s the smallest thickness. 


NOTE_ At this small thickness, blue (450 nm) and red (600 nm) also would reflect 
fairly construcfively, so the bubble would appear almost white. The green coÏor 1s 
more likely to be seen at the zex/ thickness that g1ves construcfive Interference, 
2f = 3À/2n, because other colors would be more fully cancelled by destructive 
interference. Then £ would be £ = 3À/4ø = 300 nm. Note that green is seen in 
air, so À = 540nm (not À/n). 


(540nm) 
(4)(1.35) 


= 100nm. 


*Colors in a Thin Soap Film 


The thin film of soapy water (n a plastic loop) shown 1n Fig. 24-29b (repeated 
here) has stood vertically for a long time. Gravity has pulled the soapy water 
downward, so the film Increases In thickness going toward the bottom. The top 
section ¡s so thin (perhaps 30 nm thick << À) that lipht reflected from the front 
and back surfaces have almost zero path difference. Thus the 180° phase change 
at the front surface assures that the two reflected waves are 180” out of phase for 
all wavelengths of visible light. The white lipht incident on this thín film does 
not reflect at the top part of the film, so the top 1s transparent and we see the 
background which 1s black. 

Below the black area at the top, there 1s a thin blue line, and then a white 
band. The film has thickened to perhaps 75 to 100 nm, so the shortest wavelength 
(blue) light begins to partially interfere constructively. But just below, where the 
thickness ¡s sliphtly greater (100 nm), the path difference 1s reasonably close to 
À/2 for much of the spectrum and we see white or silver.” 

Immediately below the white band In this Figure we see a brown band, where 
£ ~ 200nm, and many wavelengths (not all) are close to À—and those colors destruc- 
tively Interfere, leaving only a few colors to partially Interfere constructfively, 
ø1ving us murky brown. 


TWhy? Recall that red starts at 600 nm in air; so most colors in the spectrum lie between 450 nm and 
600 nm ïn air; but in water the wavelengths are ø = 1.33 times smaller, 340 nm to 450nm, so a 
100-nm thickness is a 200-nm path difference, not far from À/2 for most colors. 


“ư 


Farther down In Eig. 24-29b, with Iincreasing thickness f, a path difference 
2í = 510 nm corresponds nicely to š À for blue, but not for other colors, so we see 
blue (3À path difference plus 3 À phase change = consfructive interference). Other 
colors experience constructive interference (at š À and then at 3À) at still greater 
thicknesses, so going down we see a series oŸ separated colors something like 
a rainbow. 

In the soap bubble of our Chapter-Opening Photo (page 679), similar things 
happen: at the top (where the film 1s thinnest) we see black and then silver-white, 
just as in the soap film shown 1n Fig. 24—29b. 

AIlso examine the oïl film on wet pavement shown In Fig. 24—29c (repeated 
here). The oil film is thickest at the center and thins out toward the edges. NotIce 
the whitish outer ring where most colors constructfively interfere, which would 
suggest a thickness on the order of 100 nm as discussed above for the white band 
1n the soap film. Beyond the outer white band of the oïl film, Fig. 24—29c, there 1s 
sữill some oïl, but the film 1s so thín that reflected light from upper and lower sur- 
faces destructively interfere and you can see right through this very thin oil ñÌm. 


Lens Coatings 


An Important application of thin-film interference 1s in the coating oŸ glass to 
make it “nonreflecting,” particularly for lenses. A glass surface reflects about 4% 
of the light incident upon 1t. Good-quality cameras, microscopes, and other 
optical devices may contain six to ten thin lenses. Reflection from all these surfaces 
can reduce the light level considerably, and multiple reflections produce a 
background haze that reduces the quality of the image. By reducing reflection, 
transmission and sharpness are Increased. 

A very thin coating on the lens surfaces can reduce reflections considerably. 
The thickness of the coating 1s chosen so that light (at least for one wavelength) 
reflecting from the front and rear surfaces of the film destructively interferes. 
Destructive Interference can occur nearly completely for one particular wavelenepth 
depending on the thickness of the coating. Nearby wavelengths wIll at least 
partially destructively interfere, but a single coating cannot eliminate reflections 
for all wavelengths. Nonetheless, a single coating can reduce total reflection 
from 4% to 1% of the Incident light. Often the coating 1s designed to eliminate 
the center of the reflected spectrum (around 550nm). The extremes of the 
spectrum——red and violet—wll not be reduced as much. Since a mixture of red 
and violet produces purple, the light seen reflected from such coated lenses 1s 
purple (Fig. 24-35). Lenses containing two or three separate coatings can more 
effectively reduce a wider range of reflecting wavelengths. 


@oLVI Me 


FIGURE 24-29c (Repeated.) 
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FIGURE 24-35 A coated lens. Note 
color of light reflected from the 
front lens surface. 


- InterÍerence 
f2 1, Interference effects depend on the simultaneous arr1- 
°o val of two or more waves at the same point In space. 
#ˆ 2 csrsaimi | 
œ 2. Consfrucfive inferference occurs when waves with 


3. 


the same wavelength arrive In phase with each other: 
a crest OŸ one wave arrives at the same time as a crest 
of the other wave(s). The amplitudes of the waves 
then add to form a larger amplitude. Constructive 
1nterference also occurs when the path difference 1s 
exacfly one full wavelength or any integer multiple 
of a full wavelength: 1À, 2À, 3À, ---. 

Destrucfive interference occurs when a crest of one 
wave arrives at the same time as a trouph of the other 


wave. The amplitudes add, but they are oŸ opposife 
sien, so the total amplitude 1s reduced to zero 1f the 
two amplitudes are equal. Destructive interference 
Occurs whenever the phase difference 1s half a wave 
cycle, or the path difference 1s a half-integral number 
of wavelengths. Thus, the total amplitude wIll be zero 
1ƒ fwo Identical waves arrive one-half wavelength 
out of phase, or (zøz + 3)À out of phase, where zr is 
an Integer. 


4. For thin-fillm interference, an extra half-wavelength 


phase shift occurs when light reflecfs from an optI- 
cally more dense medium (going from a material 
Of lesser toward greater Index of refraction). 
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Coating 
AI'r Glass 
2 
| 'Transmitted 
Tay 


1ncident ray 


FIGURE 24-36 Lens coating, 
Example 24—12. Incident ray of lipht 
1S partially reflected at the front 
surface of a lens coating (ray 1) and 
again partially reflected at the rear 
surface of the coating (ray 2), with 
most of the energy passing throuph 
as the transmitted ray into the glass. 


Nonreflective coating. What ¡s the thickness of an optical 
coating of MgF; whose Index of refraction 1s ø# = 1.38 and which 1s designed to 
eliminate reflected lipht at wavelengths (in air) around 550 nm when Incident 
normally on glass for which ø = 1.502 


APPROACH We explicitly follow the procedure outlined in the Problem Solving 
Straftegy on page 697. 


SOLUTION 

1. Interference effects. Consider two rays reflected from the front and rear sur- 
faces of the coating on the lens as shown 1n Flg. 24-36. The rays are drawn 
nof quife perpendicular to the lens so we can see each of them. These two 
reflected rays will Interfere with each other. 

2. Consfructfive inferference. We want to eliminate reflected light, so we do not 
consider consfructive interference. 

3. Desfrucfive inferference. To eliminate reflection, we want reflected rays 1 
and 2 to be ¿ cycle out of phase with each other so that they destructively 
Iinterfere. The phase difference 1s due to the path difference 2/ traveled by 
ray 2, as well as any phase change 1n either ray due to reflection. 

4. Reflection phase shift. Rays 1 and 2 bø/: undergo a change of phase by ÿ cycle 
when they reflect from the coating”s front and rear surfaces, respectively (at 
both surfaces the Index of refraction increases). Thus there is no net change In 
phase due to the reflections. The net phase difference will be due to the extra 
path 2í taken by ray 2 in the coating, where ø = 1.38. We want 2í to equal ÿ À„ 
so that destructive interference occurs, where À„ = À/ø is the wavelength 
in the coating. With 2ƒ = À„/2 = À/2n, then 

Àn À (550nm) 


L2 Cạn (2038 ` Sợ 9 HG 


NOTE We could have set 2/ = (m + 3)À„, where m is an integer. The smallest 
thickness (z = 0) is usually chosen because destructive Interference will occur 
over the widest angle. 


NOTE Complete destructive Interference occurs only for the given wavelength of 
visible light. Longer and shorter wavelengths wIll have only partial cancellation. 


*24—9 Michelson Interferometer 


FIGURE 24-37 Michelson 


1nterferometer. 


SOurce 


Eye 
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MỊ (movable mirror) 


M; 
(ñxed mirror) 


A useful instrument involving wave infterference 1s the Michelson interferometer 
(Eig. 24-37), invented by the American Albert A. Michelson (Section 22-4). 
Monochromatic light from a single poïnt on an extended source 1s shown strIking 
a half-silvered mirror Ms. This beam splifter mirror Ms has a thin layer of silver 
that reflects only half the light that hits 1t, so that half of the beam passes through 
to a fixed mirror M;, where 1t 1s reflected back. The other half 1s reflected by Mẹs 
to a mirror M; that is movable (by a fine-thread screw), where it is also reflected 
back. Upon Ifs return, part of beam 1 passes through Ms and reaches a sensOr or 
the eye; and part of beam 2, on 1ts return, 1s reflected by Ms Imnfo the eye. Ifthe two 
path lengths are Identical, the two coherent beams entering the eye consfructively 
1nferfere and brightness wIll be seen. If the movable mirror 1s moved a distance 
À/4, one beam will travel an extra distance equal to À/2 (because it travels back 
and forth over the distance À/4). In this case, the two beams will destructively 
1nferfere and darkness will be seen. As M¡ 1s moved farther, briphtness wilÏ recur 
(when the path difference 1s À), then darkness, and so on. 

Very precise length measurements can be made with an Iinterferometer. The 
motion of mirror M; by only +À produces a clear đifference between brightness 
and darkness. For À = 400 nm, this means a precision of 100 nm, or 10mm! Tf 
mirror M¡ 1s tilted very slightly, the bripht or dark spofs are seen I1nstead as a 
serles Of bright and dark lines or “fringes” that move as M¡ moves. By counting 
the number of fringes (or fractions thereof) that pass a reference line, extremely 
precIse length measurements can be made. 


“There are other types of interferometer, but Michelson's is the best known. 


24-10 Polarization 


An important and useful property of light 1s that 1t can be ofarized. To see what 
this means, let us examine waves traveling on a rope. A rope can oscillate In a 
vertical plane, Eig. 24-38a, or in a horizontal plane, Eig. 24—-38b. In either case, 
the wave 1s said to be linearly polarized or plane-polarized——(he oscillations are 
im a pÌane. 

Tf we now place an obstacle containing a vertical slit in the path of the wave, 
Hig. 24-39, a vertically polarized wave passes through the vertical slit, but a 
hor1zontally polarized wave wIll not. If a horizontal slit were used, the vertically 
polarized wave would be stopped. If both types of slit were used, both types of wave 
would be stopped by one slit or the other. Note that polarization can exIst o#/y for 
Írans0erse +0aues, and not for longitudinal waves such as sound. The latter oscillate 
only along the direction of motion, and neither orientation of slit would stop them. 


Maxwell's theory of light as electromagnetic (EM) waves predicted that light can 
be polarized since an EM wave 1s a transverse wave. The direction of polar1zafion In 
a plane-polarized EM wave is taken as the direction of the electric field vector E. 

Light 1s not necessarily polarized. It can also be unpolarized, which means 
that the source has oscillations in many planes at once, as shown In Eig. 24-40. 
Ordinary lightbulbs emit unpolarized light, as does the Sun. 


FIGURE 24-38 Transverse waves 
on a rope polarized (a) In a vertical 
plane and (b) in a horizontal plane. 


FIGURE 24-39 (a) A vertically polarized 
wave passes throupgh a vertical slit, but 
(b) a horizontally polarized wave will not. 


FIGURE 24-40 (a) Oscillation 

of the electric field vectors In 
unpolarized lipht. The light 1s traveling 
Iinto or out of the page. (b) Electric 
fñield in linear polarized lipht. 


(a) (b) 


Polaroids (Polarization by Absorption) 


Plane-polarized lipght can be obtained from unpolarized light using certain crystals 
such as tourmaline. Or, more commonly, we use a Polaroid sheet. (Polaroid materials 
were Invented m 1929 by Edwin Land.) A Polaroid sheet consists of long complex 
molecules arranged parallel to one another. Such a Polaroid acts like a serles of 
parallel slits to allow one orientatlon of polarizatlon to pass through nearly 
undiminshed. Thĩs direction 1s called the ransrmission axis of the Polaroid. Polariza- 
tion perpendicular to this direction 1s absorbed almost completely by the Polaroid. 

Absorption by a Polaroid can be explained at the molecular level. An electric 
field E that oscillates parallel to the long molecules can set electrons into motion 
along the molecules, thus doing work on them and transferring energy. Hence, if E 
is parallel to the molecules, it gets absorbed. An electric field E perpendicular to 
the long molecules does not have this possibility of doing work and transferring 
1{s energy, and so passes throuph freely. When we speak of the fransmission axis 
of a Polaroid, we mean the direction for which E is passed, so a Polaroid axis is 
perpendicular to the long molecules. [HÝ we want to think of there being sÏits 
between the parallel molecules in the sense of Eig. 24-39, then Eig. 24-39 would 
apply for the B field in the EM wave, not the E field.] 
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FIGURE 24-41 Vertical Polaroid 


transmi(s only the vertical component of 


a wave (electric field) incident upon It. 


Polarized 


light 
Light 
direction 
] 
b 21 
Polarizer 


FIGURE 24-42 Unpolarized light 
has equal Intensity vertical and 
hor1zontal components. After passing 
through a polar1zer, one of these 
components is eliminated. The 
1ntensity of the light is reduced to half. 


Unpolarized 
light 


FIGURE 24-43 Crossed Polaroids 


completely eliminate light. 


E=Egcos0 


Light 


direction 


_ 
Transmitted wave 


Incident beam polarized 
at angle Ø to the vertical; 
has amplitude Eo 


'Vertical 
polarIzer 


TỶ a beam of plane-polarized light strikes a Polaroid whose transmission axIs 
1s at an angle Ø to the Incident polarization direction, the beam wIll emerge 
plane-polarized parallel to the Polaroid transmission axis, and the amplitude of È 
wIll be reduced to E cos 6, Eig. 24-41. Thus, a Polaroid passes only that component 
of polarization (the electric field vector, E) that is parallel to its transmission axis. 
Because the Intensity of a light beam 1s proportional to the square of the amplitude 
(Sectons 11—9 and 22—5), the intensity of a plane-polarized beam transmitted by 
a polarizer is proportional to (Eạ cos 6)”, a relation called Malus' law, 


Iintensity of plane-polarIzed 


vn wave passed by polar1zer 


lạ cOS” 0, | (24-5) 
where ?; is the Incoming Intensity and 6Ø is the angle between the polar1zer trans- 
mission axis and the plane of polarization of the Incoming wave. 

A Polaroid can be used as a polarizer to produce plane-polarized lipht 
from unpolarized light, since only the component of light parallel to the axIs 1s 
transmitted. A Polaroid can also be used as an analyzer to determine (1) If light 1s 
polarized and (2) the plane of polar1zation. A Polaroid acting as an analyzer will 
pass the same amount of light independent of the orienfation oÝ 1ts axis 1Ý the 
light 1s unpolar1zed; try rotating one lens of a pair of Polaroid sunglasses while 
looking through 1t at a lightbulb. If the light 1s polarized, however, when you 
rofate the Polaroid the transmitted light wIll be a maximum when the plane of 
polarization 1s parallel to the Polaroid”s transmission axis, and a minimum when 
perpendicular to 1t. If you do this while looking at the sky, preferably at right 
angles to the Sun”s direction, you will see that skylight is polarized. (Direct sunlight 
1s unpolar1zed, but dont look directly at the Sun, even through a polar1zer, for 
damage to the eye may occur.) If the light transmitted by an analyzer Polaroid 
falls to zero at one orIenfation, then the light is 100% plane-polarized. If it merely 
reaches a minimum, the light 1s parfially polarized. 

Unpolarized light consists of light with random directions of polar1zation. 
Each of these polarization directions can be resolved into components along two 
mutually perpendicular directions. On average, an unpolarized beam can be 
thoupht of as two plane-polarized beams of equal magnitude perpendicular to 
one another. When unpolarized light passes through a polar1zer, one component 
1s eliminated. So the intensity of the lipht passing throuph 1s reduced by half 
because half the light is eliminated: 7 = ? 7ạ (Eig. 24-42). 

'When two Polaroids are crossed——that 1s, their polarizIng axes are perpendicular 
to one another——unpolarized light can be entirely stopped. As shown mm Eig. 24-43, 
unpolarized light is made plane-polarized by the ñirst Polaroid (the polar1zer). 
The second Polaroid, the analyzer, then eliminates this component since 1fs trans- 
mission axIs 1s perpendicular to the first. 


Polarizer 
(axis vertical) 


Light | 
—>_—-->3 “---*—--- 
direction 


Analyzer 
(axis horizontal) 


No light 


Unpolarized 
light 
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Plane-polarized 
light 


You can try this with Polaroid sunglasses (Eig. 24-44). Note that Polaroid sun- 
glasses eliminate 50% of unpolarized light because of their polar1zing prOperty; 
they absorb even more because they are colored. Plane-polarized light in any 
đirection 1s also stopped by crossed Polaroids. 


EXAMPLE 24-13 | Two Polaroids at 60°. Unpolarized light passes through 
two Polaroids; the axis of the first Is vertical and that of the second 1s at 60° to 
the vertical. Describe the orientation and intensity of the transmitted light. 


APPROACH Half of the unpolarized light is absorbed by the first Polaroid, and the 
remaining light emerges plane-polarized vertically. When that light passes through 
the second Polaroid, the Intensity 1s further reduced according to Eq. 24-5, 
and the plane of polarization 1s then along the axis of the second Polaroid. 


SOLUTION The first Polaroid eliminates half the light, so the Intensity 1s 
reduced by haÏlf: 7, = ÿ7ạ¿. The light reaching the second polarizer is vertically 
polarized and so is reduced In Intensity (Eq. 24—5) to 


⁄ = h(cos6U}“ = ?h. 


Thus, 7; = š7¿. The transmitted light has an intensity one-eighth that of the 
original and is plane-polarized at a 60” angle to the vertical. 


CONCEPTUAL EXAMPLE 24-14 


that when unpolarized light falls on two crossed Polaroids (axes at 90°), no light 
passes throuph. What happens 1f a third Polaroid, with axis at 45” to each of the 
other two, 1s placed between them (Fig. 24—-45a)? 


Three Polaroids. We saw in Hig. 24-43 


RESPONSE We start just as in Example 24-13 and recall again that light 
emerging from each Polaroid 1s polarized parallel to that Polaroid”s axis. Thus 
the angle in Eq. 24-5 1s that between the transmission axes of each palr of 
Polaroids taken In turn. The first Polaroid changes the unpolarized light to 
plane-polarized and reduces the intensity from ï¿ to 1¡ = ;J¿. The second 
polarizer further reduces the intensity by (cos 45°)”, Eq. 24-5: 


l, = l(qos45')? =< nh = gìn, 


The light leaving the second polar1zer is plane-polarized at 45° (Fig. 24-45b) 
relafive to the third polarizer, so the third one reduces the Intensity to 


E= k\e0s4ã]” = 2l, 


or 1 = s/ạ. Thus ¿ of the original intensity gets transmitted. 


NOTE If we don't insert the 45° Polaroid, zero intensity results (Fig. 24—43). 


EXERCISE F How much light would pass throuph 1f the 45° polarizer in Example 24—14 
was placed not between the other two polarizers but (z) before the vertical (first) 
polarizer, or (b) after the horizontal polarizer? 


Polarization by Reflection 


Another means of producing polarized light from unpolarized light 1s by 
reflection. When lipht strikes a nonmefallic surface at any angle other than 
perpendicular, the reflected beam 1s polarized preferenftially in the plane parallel 
to the surface, Fig. 24-46. In other words, the component with polarization In the 
plane perpendicular to the surface 1s preferentially transmitted or absorbed. You 
can check this by rotating Polaroid sunglasses while looking through them at 
a flat surface of a lake or road. Since most outdoor surfaces are hor1zontal, 
Polaroid sunglasses are made with thelr axes vertical to eliminate the more 
strongly reflected horizontal component, and thus reduce glare. 


SECTION 24-10 Polarization 


FIGURE 24-44 Crossed Polaroids. 
'When the two polarized sunglass 
lenses overlap, with axes perpendicular, 
almost no lipht passes throuph. 


FIGURE 24-45 Example 24-14. 


Vertical 
polarzer 457 


Horizontal 
polarizer 


(a) 


Light 
direction 


— 


(b) lọ 


FIGURE 24-46 L¡pht reflected from a 
nonmetallic surface, such as the smooth 
surface of water In a lake, 1s partially 
polarized parallel to the surface. 
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FIGURE 24-47 Photographs of a 
lake, (a) allowing all light into the 
camera lens, and (b) using a polar1zer. 
The polarizer 1s adjusted to absorb 
most of the (polarized) light reflected 
from the water”s surface, allowing the 
dimmer light from the bottom of the 
lake, and any fish Iying there, to be 
seen more readlly. 


(b) 
People who go fishing wear Polaroids to eliminate reflected glare from the 
surface of a lake or stream and thus see beneath the water more clearly (Fig. 24-47). 
The amount of polar1zation 1n the reflected beam depends on the angle, 
varying from no polar1zation at normal incidence to 100% polar1zation at an angle 
known as the polarizing angle 0, . This angle ¡s related to the index of refraction 
of the two mater1als on either side of the boundary by the equation 


tan, = “”› (24-6a) 


where 7; 1s the index of refraction of the material in which the Incident beam 1s 
traveling, and ø¿; 1s that of the medium beyond the reflecting boundary. If the 
beam 1s traveling In air, 7 = 1, and Eq. 24-6a becomes 


tanØ, = ñ. (24-ób) 


The polarizing angle Ø, is also called Brewster? angle, and Eqs. 24-6 Breuster5 
lau, after the Scottish physicist David Brewster (1781—1868), who worked it out 
experimentally in 1812. Equations 24-6 can be derived from the electromagnetic 
wave theory of light. It 1s interesting that at Brewster”s angle, the reflected ray 
and the transmitted (refracted) ray make a 90° angle to each other; that 1s, 
6p + 0; = 90”, where Ø; is the refraction angle (Fig. 24-48). This can be seen 
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FIGURE 24-48 At0; the reflected 
light 1s plane-polarized parallel to the 
surface, and Ø; + Ø; = 90”, where 6y Is 
the refraction angle. (The large dots 
Tepresent vibrations perpendicular to 
the page.) 


by substituting Eq. 24-6a, nạ = m¡tanØ0; = msin 0;/cos Ø;, into Snell's law, 
mm sin Ø; = ñ;sin Ø,, which gives cos Øp = sin 0; which can only hold 1Ÿ Øy = 902 — 0; 
(see Trigonometric identities inside back cover or Appendix page A-§). 


EXAMPLE 24-15 | Polarizing angle. (z) At what incident angle is sunlight 
reflected from a lake perfectly plane-polarized? (b) What 1s the refraction angle? 


APPROACH The polarizing angle at the surface is Brewster”s angle, Eq. 24—6b. 
We find the angle of refraction from Snells law. 

SOLUTION (2) usc Eq.24-6b with m = 1.33, so tan Øp = 1.33 giving 6p = 53.1”. 
(b) From Snell's law, sin Ø; = sin Ø;/ø = sin 53.1°/1.33 = 0.601 giving 6; = 36.90. 
NOTE 6; + 0; = 53.1” + 36.9° = 90.0”, as expected. 


Only a fraction of the incident light is reflected at the surface of a transparent medium. Although this 
reflected light is 100% polarized (1 Ø = 0p), the remainder of the light, which is transmitted into the 
102  CHAPTER 24 new medium, 1s only partially polarized. 


*24—1l' Liquid Crystal Displays (LCD) 


A wonderful use of polarization 1s in a liquid crysfal display (LCD). LCDs are 
used as the display 1n cell phones, other hand-held electronic devices, and flat-panel 
computer and television screens. 

A liquid crystal display 1s made up of many tiny rectangles called pixels, or 
“pIcture elements.” The picture you see depends on which pIxels are dark or light 
and of what color, as suggested In Eig. 24—49 for a simple black and whIite pIcture. 

Liquid crystals are organic materlals that at room temperature exist In a 
phase that 1s neither fully solid nor fully liquid. They are sort of gooey, and the1r 
molecules display a randomness of position characteristic of liquids, as dis- 
cussed in Section 13—1 and Eig. 13—2b. They also show some of the orderliness o a 
solid crystal (Fig. 13-2a), but only in one dimension. 

The liquid crystals we find useful are made up of relatively rigid rod-like 
molecules that mteract weakly with each other and tend to align parallel to each 
other, as shown 1n Fig. 24—50. 

In a simple LCD, each pixel (picture elemenf) confains liquid crystal material 
sandwiched between two glass plates whose Inner surfaces have been brushed 
to form nanometer-wide parallel scratches. The rod-like liquid crystal molecules 
1n contact with the scratches tend to line up along the scratches. The two plates 
typically have their scratches at 90” to each other, and the weak electric forces 
between the rod-like molecules tend to keep them nearly alipned with the1r 
nearest neighbors, resulting In the twisted pattern shown 1n Flig. 24—51a. 

The outer surfaces of the glass plates each have a thĩn film polar1zer, they too 
Oriented at 90” to each other. Unpolarized light incident from the left becomes 
plane-polar1zed, and the liquid crystal molecules keep this polarization alipned 
with their rod-like shape. That 1s, the plane of polarization of the lipght rotates 
with the molecules as the light passes through the liquid crystal. The light emerges 
with 1s plane of polarization rotated by 90”, and readily passes through the second 
polarizer, Eig. 24-51a. A tiny LCD pixel In this situatlon wIll appear bripht. 


FIGURE 24-49 Example of an 
1mage made up of many small 
squares or ø/xe/s (picture elements). 


FIGURE 24-50 L¡quid crystal molecules 
tend to align in one dimension 
(parallel to each other) but have 
random positions (left-ripght, up-down). 
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Now suppose a voltage 1s applied to transparent electrodes on each glass 
plate of the pixel. The rod-like molecules are polar (or can acquire an internal 
separation of charge due to the applied electric field). The applied voltape tends 
to align the molecules end-to-end, and they no longer follow the careful twisted 
pattern shown 1n EFig. 24—51a. Instead the applied electric field tends to align the 
molecules end-to-end, left to ripght (perpendicular to the plass plates), Fig. 24-51b, 
and then they don't affect the light polarization significantly. The entering plane- 
polarized light no longer has 1s plane of polar1zation rotated as 1t passes through 
the liquid crystal, and no light can exit through the second (horizontal) polarizer 
(Eig. 24-51b). With the voltage on, the pixel appears dark. 


TSome displays use an opposite system: the polarizers are parallel to each other (the scratches remain 
at 90° to maintain the twist). Then voltage øƒƒ results in b/zck (no light), and voltage øw results in 
bright light. 


*SECTION 24-11 


Liquid Crystal Displays (LCD) 


FIGURE 24-51 (a) “Twisted” form 
of liquid crystal. Lipht polarization 
plane 1s rotated 90”, and so 1s 
transmitted by the hor1zontal 
polarizer. Only one line of molecules 
1s shown. (b) Molecules disoriented 
by electric field. The plane of 
polarization 1s not changed, so light 
does not pass through the horizontal 
polarizer. (The transparent electrodes 
are not shown.) 
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FIGURE 24-52 Watch-face LCD 
display with alimeter. The black 
segments or pixels have a voltagøe 
applied to them. Note that the 8 uses 
all seven segments (pixels); other 
numbers use fewer. 


FIGURE 24-53 Arransement of 
subpixels on a TV or computer display 
(enlarged). 


FIGURE 24-54 Unpolarized sunlipht 
scattered by molecules of the air. An 
observer at right angles sees plane- 
polarized light, since the component 
of oscillation along the line of sight 
emits no light along that line. 


Unpolarized 
sunlight 


OszorN; 
molecule 


b 


From 
Sun 


Light scattered 
at right angles 
1S plane-polarized 


Observer \v⁄Z 
(on Earth) 


@ÒPHvsics APPLIED 


Why the sky is blue 
Why sunsets are red 
Why clouds are tuhite 


704 CHAPTER 24 


Simple display screens, such as for watches and calculators, use ambient light 
as the source (you can't see the display In the dark), with a mirror behind the 
LCT to reflect the light back. There are only a few pixels, corresponding to the 
elongated segments needed to form the numbers from 0 to 9 (and letters in some 
displays), as seen in Eig. 24-52. Any pixels to which a voltage is applied appear 
dark and form part of a number. With no voltage, pixels pass lipht through the 
polar1zers to the mirror and back out, which forms a bright background. Displays 
with white numbers on a dark background have the voltages reversed. 

Television, cell phone, and computer LCDs are more sophisticated. A color 
pIxel consIsts of three cells, or subpixels, each covered with a red, øreen, or blue 
filter (Fip. 24-53). Varying brightnesses of these three primary colors can yield 
almost any natural color. A good-quality screen consists of millions of pixels. 
Behind this array of pixels 1s a lipght source, often thin fluorescent tubes the 
diameter of a straw, or lipht-emitting diodes (LEDS). The light passes through the 
liquid crystal subpixels, or not, depending on the voltage applied to each, as we 
discussed In detail in Section 17—11. See especially Eigs. 17-31 and 17-33. 

[To obtain a range of gray scale or range of color brightness, each subpixel can- 
not simply øo on or off as in Eig. 24—51. Several techniques can be used depending 
on the construction of the LCD. If the voltage applied in Hg. 24—51b 1s small enoueh, 
the disorientation of the molecules may be small, allowing some rofation of the 
polarizatlon vector and thus some light can pass throuph, the actual amount 
depending on the voltage. Alternatively, each subpixel can be pulsed——the length 
Of time 1f 1s øw affects the perceived brightness. The effect of stronger or weaker 
brighftness can Iinstead be provided by the number of nearby subpixels of the same 
color that are turned on or off; this third system lets the eye “average” over many 
pIxels, but reduces the sharpness or resolution of the picture.] 


*24—12 Scattering of Light by the Atmosphere 


Sunsets are red, the sky is blue, and skylight is polarized (at least partially). 
These phenomena can be explained on the basis of the scaffering of light by the 
molecules of the atmosphere. In Eig. 24-54 we see unpolarized light from the Sun 
impinging on a molecule of the Earth”s atmosphere. The electric field of the EM 
wave sets the electric charges within the molecule Iinto oscillation, and the mole- 
cule absorbs some of the incident radiation. But the molecule quickly reemits this 
light since the charges are oscillating. As discussed in Section 22—2, oscillating 
electric charges produce EM waves. The Intensity 1s strongest along the direction 
perpendicular to the oscillation, and drops to zero along the line of oscillation 
(Secton 22-2). In Fig.24—54 the motion of the charges is resolved Into two compo- 
nenfs. An observer at ripht angles to the direction of the sunlight, as shown, will 
see plane-polarized light because no light 1s emitted along the line of the other 
component of the oscillation. (When viewing along the line of an oscillation, you 
don't see that oscillation, and hence see no waves made by ït.) At other viewing 
angles, both componentfs wIll be present; one will be stronger, however, so the 
light appears partially polarized. Thus, the process of scattering explains the 
polarization of skylipht. 

Scattering of light by the Earth's atmosphere depends on wavelength À. For 
particles much smaller than the wavelength of lipht (such as molecules of air), the 
particles will be less of an obstruction to long wavelengths than to short ones. The 
scattering đecreases, in fact, as 1/Af. Blue and violet light are thus scattered much 
more than red and orange, which 1s why the sky looks blue. At sunset, the Sun”s rays 
pass through a maximum length of atmosphere. Much of the blue has been taken 
out by scattering. The light that reaches us at this low angle where the Sun 1s near 
the hor1zon, and reflects off clouds and haze, 1s thus lacking in blue. That is why 
sunsefs appear reddish. 

The dependence of scattering on 1/A† is valid only ¡f the scattering objects 
are much smaller than the wavelength of the lipht. Thịs 1s valid for oxygen and 
nitrogen molecules whose diameters are about 0.2 nm. Clouds, however, contain 
water droplets or crystals that are much larger than À. They scatter all frequencIes 
of light nearly uniformly. Hence clouds appear white (or gray, 1ƒ shadowed). 


 Summary 


The wave theory of lipht 1s stronply supported by observations 
that lipght exhibits interference and điffracdon. Wave theory also 
explains the refraction of light and the fact that light travels more 
slowly In transparent solids and liquids than 1t does In aIr. 

[# An aid to predictine wave behavior 1s Huygens' principle, 
which states that every point on a wave front can be considered 
as a source of tiny wavelets that spread out in the forward 
direction at the speed of the wave Itself. The new wave Íront 1s 
the envelope (the common tangentf) of all the wavelets.] 

The wavelength of light in a medium with index of refrac- 
tion 7 1s 

À 


À„ =>? 
H n 


(24-1) 
where À Is the wavelength in vacuum; the frequency 1s not 
changed. 

Young”s double-slit experiment demonsftrated the Inter- 
ference of light. The observed bright spots of the Interference 
pattern are explained as construcfive Interference between the 
beams coming throuph the two slits, where the beams differ in 
path length by an integral number of wavelengths. The dark 
areas in between are due to destructive Iinterference when the 
path lengths differ by ¿À, 3A, and so on. The angles 9 at which 
consfrucfive in(erference occurs are ø1ven by 

sin Ø m nh 
where À 1s the wavelength of the light, đ 1s the separation of the 
slits, and # is an integer (0, 1, 2, -::). Destruefive interference 
Occurs at angles Ø given by 


(24-2a) 


sinØ = (m + B 
d 
where z 1s an integer (0, 1, 2, ---). 

TWwo sources of lipht are perfectly coherent 1f the waves 
leaving them are of the same single frequency and maintain the 
same phase relationship at all times. If the light waves from the 
two sources have a random phase with respect to each other 
over time (as for two liphtbulbs), the tfwo sources are 
incoherent. 

The frequency or wavelength of light determines 1fs colOr. 
The visible spectrum ïn air extends from about 400 nm (violet) 
to about 750 nm (red). 

Glass prisms spread white lighf into 1ts constituent colors 
because the Index of refraction varies with wavelength, a phe- 
nomenon known as đispersion. 

The formula sinØ0 = 7À/đ for constructive interference 
also holds for a diffraction grating, which consists of many 
parallel slits or lines, separated from each other by a distance đ. 


(24-2b) 


The peaks of constructive Interference are much brighter and 
sharper for a diffraction grating than for a two-sÏit apparatus. 

A diffraction grating (or a prism) ¡s used in a specfromefer 
to separate different colors and observe line specfra. For a given 
order z:, Ø depends on À. Precise determination of wavelength 
can be done with a spectrometer by careful measurement of 0. 

Diffraction refers to the fact that lipht, like other waves, 
bends around obJects It passes, and spreads out after passing 
through narrow slits. This bending gives rise to a diffracfion 
paffern due to interference between rays of light that travel 
diferent distances. 

Light passing through a very narrow slit of width Ð (on 
the order of the wavelength À) will produce a pattern with a 
bright central maximum of half-width 0 given by 

: À 
sinØ = p (24-3a) 
flanked by fainter lines to either side. 

Lipht reflected from the front and rear surfaces of a thin 
film of transparent material can Interfere consfructively or 
destructively, depending on the path difference. A phase change 
of 180° or ‡À occurs when the light reflects at a surface where 
the Index of refraction increases. Such thin-film interference 
has many practical applications, such as lens coatings and using 
Newton? rings to check uniformity of ølass surfaces. 

In unpolarized ligh(, the electric field vectors oscillate in all 
transverse directions. If the electric vector oscillates only in one 
plane, the light is said to be plane-polarized. Light can also be 
partially polarized. 

'When an unpolarized light beam passes through a Polaroid 
sheet, the emerging beam Is plane-polarized. When a light beam 
1s polarized and passes through a Polaroid, the Intensity varies 
as the Polaroid is rotated. Thus a Polaroid can act as a polarizer 
Or as an analyzer. 

The intensity ?s of a plane-polarized light beam Iincident on 
a Polaroid is reduced to 

I = lạcos°0 (24-5) 
where Ø is the angle between the axis of the Polaroid and the 
1nitial plane of polar1zation. 

Light can also be partially or fully polarized by reflection. 
TỶ light traveling In air 1s reflected from a medium of index of 
refraction ø, the reflected beam wIll be cøzn/lefely plane-polar1zed 
1ƒ the incident angle Øp 1s given by 

tan0p = ñm. (24-6b) 
The fact that lipht can be polarized shows that it must be a trans- 
V€TS€ Wave. 


J Questions 


1. Does Huygens' principle apply to sound waves? To water 
waves? Explain how Huygens' principle makes sense for 
water waves, where each poïnt vibrates up and down. 

2. Why 1s light sometimes described as rays and sometimes as 
Waves? 

3. We can hear sounds around corners but we cannot see 
around corners; yet both sound and lipht are waves. 
Explain the difference. 


4. TWwo rays of lipht from the same source desfructively interfere 
1ƒ their path lengths differ by how much? 

5. Monochromatic red light 1s incident on a double slit, and 
the Interference patftern 1s viewed on a screen some distance 
away. Explain how the fringe pattern would change !f the 
red light source 1s replaced by a blue light source. 

6. IfYoung”s double-slit experiment were submerged In water, 
how would the fringe pattern be changed? 
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10. 


11. 


13. 


14. 


15. 


„ Why doesn't the light from the two headliphts of a distant 


car produce an interference pattern? 


. Why are Interference fringes noticeable only for a /h/n film 


like a soap bubble and not for a thick pIece of ølass? 


. Why are the fringes of Newton'”s rings (EIg. 24-31) closer 


together as you look farther from the center? 

Some coated lenses appear greenish yellow when seen by 
reflected light. What reflected wavelengths do you suppose 
the coating 1s designed to eliminate completely? 

A đrop of oïil on a pond appears bright at 1ts edges, where 
1ts thickness 1s much less than the wavelengths of visible 
light. What can you say about the index of refraction of the 
oïl compared to that of water? 


- Radio waves and visible lipht are both electromagnetic 


waves. Why can a radio receive a sipnal behind a hill when 
we cannot see the transmitting antenna? 

Hold one hand close to your eye and focus on a distant 
light source through a narrow slit between two fingers. 
(Adjust your fingers to obtain the best pattern.) Describe 
the pattern that you see. 

For diffraction by a single slit, what 1s the effect of Increasing 
(a) the slit width, (5) the wavelength? 

Describe the single-slit điffraction pattern produced when 
white lipht falls on a slit having a width of (z) 60nm, 
(5) 60,000 nm. 


16. 


17, 


° 


18. 


19. 


20. 
21. 


22. 
*23. 


*24. 


What happens to the diffraction pattern of a sinple sÏIt If 
the whole apparatus is Immersed ïn (a) water, (b) a vacuum, 
Iinstead ofin air. 


What ¡s the difference 1n the interference patterns formed 
by two slits 10 em apart as compared to a difraction 
srating containing 10 slits/cm? 

Eor a diffraction grating, what is the advantage of (2) many 
slits, (b) closely spaced slits? 

White light strikes (2) a diffraction grating and (0) a prism. 
A rainbow appears on a wall just below the direction of 
the horizontal incident beam 1n each case. What 1s the color 
of the top of the rainbow In each case? Explain. 


'What does polarization tell us about the nature of lipht? 


Explain the advantage of polarized sunglasses over plain 
tinted sunglasses. 


Hovw can you tell 1ƒ a pair of sunglasses 1s polar1zing or not? 


What would be the color of the sky 1f the Earth had no 
atmosphere? 


Tf the Earths atmosphere were 50 times denser than 1t 1s, 
would sunlipht still be white, or would 1t be some other color? 


MisConceptual Questions 


1. 


Light passing through a double-sÏit arrangement 1s viewed 
on a distant screen. The Interference pattern observed on the 
screen would have the widest spaced fringes for the case of 
(4) red lipht and a small slit spacing. 

(B) blue light and a small slit spacing. 

(c) red light and a large slit spacing. 

(đ) blue light and a large slit spacing. 


. Lipht from a green laser of wavelenpth 530nm passes 


throuph two slits that are 400 nm apart. The resulting pattern 
formed on a screen In front of the slits is shown In Eig. 24-55. 
T poïnt A 1s the same distance from both slits, how much 
closer 1s point B to one sÏit than to the other? 
(a) 530 nm. 
(5) 265 nm. 
(c) 400 nm. 
(đ)0nm. 
() It depends on the distance to the screen. 

FIGURE 24-55 

MisConceptual 

Question 2. A B 


„ The colors In a rainbow are caused by 


(a) the interaction of the light reflected from different 
raindrops. 

(B5) different amounts of absorption for light of different 
colors by the water In the raindrops. 

(c) different amounts of refraction for light of different 
colors by the water In the raindrops. 

(đ) the downward motion of the raindrops. 
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4. 


„ 


A double-slit experiment yIelds an Interference pattern due 

to the path length difference from light traveling through one 

slit versus the other. Why does a single slit show a diffrac- 

tion pattern? 

(a) There 1s a path length difference from waves originating 
at different parts of the sÏit. 

(5) The wavelength of the light is shorter than the sÏit. 

(c) The light passing throuph the slit interferes with light 
that does not pass throupgh. 

(đ) The single slit must have something in the middle of ít, 
causing 1t to act like a double sÏit. 


]f you hold two fingers very close together and look at a bright 

lipght, you see lines between the fingers. What 1s happening? 

(a) You are holding your fingers too close to your eye to 
be able to focus on It. 

(b) You are seeing a diffraction pattern. 

(c) This is a quantum-mechanical tunneling effect. 

(đ) The brightness of the light is overwhelming your eye. 


Light passes throupgh a slit that is about 5 x 103m high and 
5x 107”m wide. The central bright light visible on a 
đdistant screen will be 
(4a) about 5 x 10m high and about 5 x 107m wide. 
(b) about 5 x 10m high and wider than 5 x 107m. 
(c) about 5 x 10m high and narrower than 5 x 10””m. 
(3) taller than 5 x 103m high and wider than 5 x 10””m. 
(e) taller than 5 x 103m high and about 5 x 10m 

wide. 


1. 


10. 


Blue light of wavelength À passes throuph a single slit of width đ 
and forms a diffraction pattern on a screen. IÝ we replace 
the blue light by red light of wavelength 2À, we can retain 
the original difraction pattern 1ƒ we change the slit width 
(2) to 4/4. 

(b) to đ/2. 

(c) not at all. 

(đ) to 24. 

(e) to 4d. 


- Imagine holding a circular disk In a beam of monochromatic 


light (Eig. 24-56). If diffraction occurs at the edse of the disk, 
the center of the shadow 1s 
() darker than the rest of the shadow. 
(B) a bright spot. 
(c) bright or dark, depending on the 
wavelength. 
(đ) bright or dark, 
depending on 
the distance to 


Thôn ôn ph Disk Shadow 
FIGURE 24-56 
MisConceptual Question 8. _— 


. If someone 1s around a corner from you, what is the main 


reason you can hear him speaking but can't see him? 

(z) Sound travels farther in air than light does. 

(5) Sound can travel through walls, but light cannot. 

(c) Sound waves have long enough wavelengths to bend 
around a corner; light wavelengths are too short to 
bend much. 

(4) Sound waves reflect off walls, but lipht cannot. 

'When a CD 1s held at an angle, the reflected light contains 

many colors. What causes these colors? 

(a) An anti-theft encoding intended to prevenf copying of 
the CD. 

(b5) The different colors correspond to different data bits. 

(c) Light reflected from the closely spaced øgrooves adds 
constructively for different wavelengths at different 
angles. 

(đ) It1s part of the decorative label on the CD. 


11. Ifa thin film has a thickness that 1s 


(2) š of a wavelength, constructive interference will always 
OCCLT. 

(b) 3 of a wavelength, destructive interference will always 
OCCLT. 

(€) š ofa wavelength, constructive interference will always 
OCCLT. 

(4)š of a wavelength, destructive interference will always 
OCCLT. 

(e) None of the above 1s always true. 


- IÝ unpolarized light 1s incident from the left on three 


polarizers as shown In Fig. 24—57, in which case will some 
light get through? 

(a) Case 1 only. 

(b) Case 2 only. 

(c) Case 3 only. 

(đ) Cases 1 and 3. 

(c) AlI three cases. 


FIGURE 24-57 
MisConceptual 
Ouestion 12. 


For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


Ï Problems 


24-3 Double-Slit Interference 


1. 


2. 


3. 


4. 


(Ð Monochromatic light falling on two slits 0.018 mm apart 
produces the fifth-order bright fringe at an 8.6” angle. What 
1s the wavelength of the light used? 

(D The third-order bripht fringe of 610-nm lipht is observed 
at an angle of 31° when the lipht falls on two narrow sÏits. 
How far apart are the slits? 

(II) Monochromatic light falls on two very narrow sÏ1ts 
0.048 mm apart. Successive frinses on a screen 6.50 m away 
are 8.5 cm apart near the center of the pattern. Determine 
the wavelength and frequency of the lipht. 

(II) Tf 720-nm and 660-nm light passes through two slits 
0.62 mm apart, how far apart are the second-order fringes 
for these two wavelengths on a screen 1.0m away? 


5. (IH) Water waves having parallel crests 4.5 em apart pass 


throuph two openinss 7.5 cm apart In a board. At a point 
3.0m beyond the board, at what angle relative to the 
“straipht-through” direction would there be litle or no 
wave action? 


. (I) A red laser from the physics lab is marked as producing 


632.68-nm light. When light from this laser falls on two 
closely spaced slits, an interference pattern formed on a 
wall several meters away has bripht red fringes spaced 5.00 mm 
apart near the center of the pattern. When the laser 1s 
replaced by a small laser pointer, the fringes are 5.14 mm 
apart. What is the wavelength of lipht produced by the 
laser pointer? 
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10. 


11. 


13 


° 


. 


14. 


15. 


. (I) Light of wavelength 680nm falls on two slits and 


produces an interference pattern in which the third-order 
bright red fringe 1s 3S mm from the central fringe on a screen 
2.8m away. What is the separation of the two sÏits? 


. (H) Light of wavelength À passes through a pair of slits 


separated by 0.17 mm, forming a double-slit Interference 
pattern on a screen located a distance 37cm away. 
Suppose that the image In Eig. 24-9a 1s an actual-size 
reproduction of this Interference pat(ern. se a ruler to 
measure a pertinent distance on this image; then utilize 
this measured value to determine À (nm). 


. (H) A parallel beam of light from a He—Ne laser, with a 


wavelength 633 nm, falls on two very narrow slits 0.068 mm 
apart. How far apart are the fringes in the center of the pat- 
tern on a screen 3.3m away? 


(H)A physics professor wants to perform a lecture demon- 
stration of Young”s double-slit experiment for her class 
using the 633-nm light from a He—Ne laser. Because the 
lecture hall is very large, the Interference pattern wIll be 
projected on a wall that 1s 5.0m from the slits. For easy 
viewing by all students In the class, the professor wants the 
distance between the  = 0 and 7: = l maxima to be 
35 cm. What sÏit separation is required in order to produce 
the desired interference pattern? 


(H) Suppose a thin piece of glass 1s placed in front of the 
lower slit in Elg. 24-7 so that the two waves enter the sÏits 
180° out of phase (Fig. 24-58). Draw in detail the interference 
pattern seen on the screen. 


FIGURE 24-58 
Problem 11. 


(IT) In a double-slit experiment ït is found that blue light of 
wavelensgth 480nm gives a second-order maximum at a 
certain location on the screen. What wavelength of visible 
light would have a minimum at the same location? 


(ID) Two narrow slits separated by 1.0 mm are illuminated 
by 544-nm light. Find the distance between adjacent bright 
fringes on a screen 4.0 m from the sÏIts. 


(II) Assume that light of a sinple color, rather than white 
light, passes throuph the two-slit setup described in 
Example 24-3. If the distance from the central fringe to 
a first-order fringe 1s measured to be 2.9 mm on the screen, 
determine the lights wavelength (in nm) and color (see 
Fig. 24-12). 


(I) In a double-slit experiment, the third-order maxiInmum 
for light of wavelength 480 nm 1s located 16 mm from the 
central bripht spot on a screen 1.6 m from the slits. Lipht of 
wavelength 650nm 1s then projected throuph the same 
slits. How far from the central bripht spot wIll the second- 
order maximum of this light be located? 
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16. (II) Light of wavelenpth 470 nm ïn aïr shines on two sÏifs 
6.00 x 10mm apart. The slits are immersed in water, as 
1S a viewing screen 40.0cm away. How far apart are the 
fringes on the screen? 


17. (III) A very thin sheet of plastic (ø = 1.60) covers one sÏIt 
of a double-slit apparatus 1lluminated by 680-nm lipht. The 
center point on the screen, instead of being a maxImum, Is 
dark. What ¡s the (minimum) thickness of the plastic? 


24-4 Visible Spectrum; Dispersion 


18. (D By what percent ¡is the speed of blue Iight (450 nm) less 
than the speed of red light (680 nm), in silicate flint glass 
(see Fig. 24-14)? 

(H) A Iight beam strikes a piece of glass at a 65.00” incident 
angple. The beam contains two wavelengths, 450.0 nm and 
700.0 nm, for which the Index of refraction of the glass 1s 
1.4831 and 1.4754, respectively. What 1s the angle between 
the two refracted beams? 
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20. (HI) A parallel beam of light containing two wavelengths, 
Ài = 455nm and Àa = 642 nm, enters the silicate flint gÏass 
of an equilateral prism as shown In Eig.24—59. At what angles, 
6;¡ and 0;, does each beam leave the prism (give angle with 
normal to the face)? 


See Eig. 24-14. 


FIGURE 24-59 
Problem 20. 


24-5 Single-Slit Diffraction 


2i. (1) If 680-nm light falls on a slit 0.0425 mm wide, what is 
the angular width of the central diffraction peak? 


22. (U Monochromatic light falls on a slit that is 2.60 < 10”Ÿmm 
wide. TỶ the angle between the first dark fringes on either 
side of the central maximum is 28.0° (dark fringe to dark 
fringe), what 1s the wavelength of the light used? 

23. (II) When blue lipht of wavelenpth 440nm falls on a 

single slit, the first dark bands on either side of center are 

separated by 51.0”. Determine the width of the sÌi. 

(HA single slit 1.0 mm wide ïs illuminated by 450-nm light. 

What ¡is the width of the central maximum (ïn cm) in the 

diffraction pattern on a screen 6.0m away? 
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25. (ID How wide 1s the central diffraction peak on a screen 2.30 m 
behind a 0.0348-mm-wide slit illuminated by 55§-nm light? 


26. (II) Consider microwaves which are incident perpendicular 
to a metal plate which has a 1.6-cem slit In 1t. Discuss 
the angles at which there are diffraction minima for wave- 
lengths of (z) 0.50 em, (Đ) 1.0 em, and (c) 3.0 em. 


27. (1U) (a) For a given wavelength À, what is the minimum sÏit 
width for which there will be no diffraction minima? 
(b) What ¡is the minimum slit width so that no visible light 
exhibits a diffraction minimum? 

(H) Light of wavelength 620nm falls on a slit that 1s 
3.80 x 10mm wide. Estimate how far the first bright 
diffraction fringe 1s from the strong central maximum IÍ the 
screen ¡s 10.0 m away. 
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29. (II) Monochromatic light of wavelength 633 nm falls on a 
slit. IÝ the angle between the first two bright fringes on either 
side of the central maximum 1s 32”, estimate the sÏit width. 


30. (II) Coherent light from a laser diode is emitted through 
a rectangular area 3.0m < 15m (horizontal-by- 
vertical). If the laser light has a wavelength of 7§0 nm, 
determine the angle between the first diffraction minima 
(a) above and below the central maximum, (0b) to the left 
and right of the central maximum. 


3Í. (HH) If parallel Iipht falls on a single slit of width Ð at a 
28.0” angle to the normal, describe the diffraction pattern. 


24-6 and 24-7 Diffraction Gratings 


32. ( At what angle will 510-nm light produce a second-order 
maximum when falling on a grating whose slts are 
1.35 x 10” em apart? 


33. ( A grating that has 3800 slits per em produces a third-order 
fringe at a 22.0” angle. What wavelength of lipht 1s being 


used? 


34. (I A grating has 7400 slits/cm. How many spectral orders 
can be seen (400 to 700 nm) when it ¡s illuminated by white 


light? 


35. (II) Red laser lipht from a He—Ne laser (À = 632.8 nm) 
creates a second-order fringe at 53.2” after passing through 
the grating. What is the wavelength À of light that creates a 
first-order fringe at 20.6°2 


36. (II) How many sÏits per centimeter does a grating have If 
the third order occurs at a 15.0” angle for 620-nm light? 


37. (H) A source produces first-order lines when incident 
normally on a 9800-slit/cm diffraction grating at angles 
28.8°, 36.7, 38.6°, and 41.2°. What are the wavelengths? 


38. (II) White light containing wavelengths from 410nm to 
750 nm falls on a grating with 7800 slits/cm. How wide is 


the first-order spectrum on a screen 3.40 m away? 


(I A diffraction grating has 6.5 x 10”slits/m. Eind the 
angular spread In the second-order spectrum between red 
light of waveleneth 7.0 < 107”m and blue light of wave- 
leneth 4.5 x 107m. 
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40. (II) Two first-order spectrum lines are measured by a 
9650-slit/cm spectroscope at anples, on each side of 
center, of +26°38', +41°02' and —26°18', —40°27'. 


Calculate the wavelengths based on these data. 


4í. (II) What ¡s the highest spectral order that can be seen 1f 
a grating with 6500 slits per cm ¡is Illuminated with 


633-nm laser lipht? Assume normal Incidence. 


42. (11) The first-order line of 589-nm lIight falling on a diffrac- 
tion grating 1s observed at a 14.5° angle. How far apart are 
the slits2 At what angle will the third order be observed? 


43. (II) Two (and only two) full spectral orders can be seen on 
either side of the central maximum when white light 1s sent 
throuph a diffraction grating. What is the maximum 


number of sÏits per em for the grating? 


24-8 Thin-Film Interference 


4A. 


45. 


46 


4A7. 


48. 


49. 


50. 


31. 


5. 


3, 


(J) Tf a soap bubble ¡s 120 nm thick, what wavelength 1s 
most strongly reflected at the center of the outer surface 
when illuminated normally by white lipht? Assume that 
n = 1132. 


() How far apart are the dark bands in Example 24—10 1f 
the glass plates are each 21.5 cm long? 


(H) (2) What ¡is the smallest thickness of a soap film 
(z = 1.33) that would appear black 1filluminated with 480-nm 
light? Assume there 1s alr on both sides of the soap film. 
(b) What are two other possible thicknesses for the film to 
appear black? (c) If the thickness ƒ was much less than À, 
why would the film also appear black? 


(H)A lens appears preenish yellow (À = 570 nm Is strongesf) 
when white light reflects from it. What minimum thickness 
Of coating (nw = 1.25) do you think is used on such a glass 
lens (n = 1.52), and why? 

(H) A thin film of oïl (z»ạ = 1.50) with varying thickness 
floats on water (nụ = 133). 'When it is illuminated from 
above by white lipht, the reflected colors are as shown In 
Fig. 24-60. In air, the wavelength of yellow light is 580 nm. 
(z) Why are there no reflected colors at point A? (b) What 
1s the OIls thickness f 


at point B? S Air 
¬--= 
1m” 
» Ơi 
ị nạ= 1.50 
A B 'Water 
nụ = 1.33 
FIGURE 24-60 Problem 48. 
(H) How many uncoated thin lenses in an optical instrument 


would reduce the amount of light passing throuph the instru- 
ment to 50% or less? (Assume the same transmission percent 
at each of the two surfaces—see page 697.) 


(I) A total of 35 bright and 35 dark Newton”s rings (not 
counting the dark spot at the center) are observed when 
560-nm light falls normally on a planoconvex lens resting 
on a flat glass surface (Fig. 24-31). How much thicker is 
the lens at the center than the edges? 


(TH) H the wedge between the glass plates of Example 24—10 
1s filled with some transparent substance other than alr— 
say, water—the pattern shifts because the wavelength 
of the lipht changes. In a material where the Index of 
refraction is ø, the wavelenpth is À„ = À/ø, where À Is the 
wavelensth in vacuum (Edq. 24-1). How many dark bands 
would there be If the wedge of Example 24—10 were filled 
with water? 


(H) A fine metal foil separates one end of two pieces of 
optically flat glass, as In Fig. 24-33. When light of wave- 
length 670nm 1s Incident normally, 24 dark bands are 
observed (with one at each end). How thick 1s the foil? 
(II) How thick (minimum) should the air layer be between 
two flat glass surfaces 1f the glass 1s to appear bright when 
450-nm light 1s incident normally? What I1f the glass 1s to 
appear dark? 


Problems 709 


54. 


ˆ5: 


(HI) A thin oïl slick (nọ = 1.50) floats on water (nụ = 1.33). 
When a beam of white lipht strikes this film at normal 
1neidence from arr, the only enhanced reflected colors are 
red (650 nm) and violet (390 nm). From this Information, 
deduce the (minimum) thickness £ of the oil slick. 

(HI) A uniform thin film of alcohol (w = 1.36) lies on a flat 
glass plate (nz = 1.56). When monochromatic light, whose 
wavelength can be changed, 1s ncident normally, the reflected 
light is a minimum for À = 525nm and a maximum for 
À = 655nm. What is the minimum thickness of the film? 


*24-9 Michelson Interferometer 


*S6. 


MS Ÿˆ 


*s8. 


+59, 


(II) How far must the mirror M¡ in a Michelson Interfer- 
ometer be moved I1f 680 fringes of 58§9-nm lighf are to pass 
by a reference line? 

(I) What 1s the wavelength of the light entering an 
1nterferometer 1ƒ 362 bripht fringes are counted when the 
movable mirror moves 0.125 mm? 

(H) A micrometer is connected to the movable mirror of an 
1nterferometer. When the micrometer is tiphtened down on 
a thin metal foil, the net number of bripht fringes that move, 
compared to closing the empty micrometer, 1s 296. What 
1s the thickness of the foil? The wavelength of lipht used 1s 
569 nm. 

(HT) One of the beams of an interferometer (Eig. 24-61) 
passes throuph a small evacuated glass container 1.155 cm 
deep. When a gas 1s allowed to slowly fill the container, 
a total of 158 dark fringes are counted to move past a 
reference line. The lipht used has a wavelength of 632.8 nm. 
Calculate the Index of refraction of the gas at ifs fnal 
density, assuming that the Interferometer 1s In vacuum. 


To mirror MỊ 


Glass container 


Source 
FIGURE 24-61 Mẹ "= Mỹ 
Problem 59. 1.155 cm 


24-10 Polarization 


60. 


61. 


@. 


( Two polarizers are oriented at 72° to one another. 
Unpolarized light falls on them. What fraction of the light 
1nfensity 1s transmitted? 

(D What is Brewster's angle for an air-glass (n = 1.56) 
surface? 

(II) At what angle should the axes of two Polaroids be 
placed so as to reduce the Intensity of the incident unpo- 
larized light to (2) š. (b) 1g? 


63. (II) Two polarizers are oriented at 42.0? to one another. 


64 


65. 


66. 


67 


68. 


69 


70 


TẾ 


. 


72. 


Lipht polarized at a 21.0”? angle to each polar1zer passes 
through both. What is the transmitted intensity (%)? 


(H) Three perfectly polarizing sheets are spaced 2 cm apart 
and In parallel planes. The transmission axis of the second 
sheet 1s 30” relaftive to the first one. The transmission axIs Of 
the third sheet 1s 90° relative to the ƒïrsí one. Unpolarized 
light Impinges on the first polarizing sheet. What percent 
of this lipht 1s transmitted out throuph the third polar1zer? 


(I) A piece of material, suspected of being a stolen 
diamond (øw = 2.42), is submerged in oil of refractive Index 
1.43 and illuminated by unpolarized light. It is found that 
the reflected lipht is completely polar1zed at an angle of 62”. 
1s it damond? Explain. 


(II) Two Polaroids are aligned so that the initially unpolar- 
1zed light passing through them 1s a maximum. At what angle 
should one of them be placed so the transmitted Intensity 1s 
subsequently reduced by half? 


(II) What is Brewster”s angle for a diamond submerged in 
water? 


(HI) The criical angle for total Internal reflection at 
a boundary between two materials 1s 56°. What 1s Brewster”s 
angle at this boundary? Give two answers, one for each 
material. 


(IH) What would Brewster”s angle be for reflections off the 
surface of water for lipht coming from beneath the sur- 
face? Compare to the angle for total internal reflection, and 
to Brewster”s angle from above the surface. 


(I) Ủnpolarized light of intensity ?¿ passes through six 
successive Polaroid sheets each of whose axis makes a 35° 
anple with the previous one. What 1s the intensity of the 
transmitted beam? 


(HT) Two polarizers are oriented at 48° to each other and 
plane-polarized light is incident on them. If only 35% of 
the lipht gets through both of them, what was the Initial 
polarization direction of the Incident light? 


(II) Four polarizers are placed in succession with their axes 
vertical, at 30.0” to the vertical, at 60.0” to the vertical, and 
at 90.0 to the vertical. (z) Calculate what fraction of the 
incident unpolarized light 1s transmitted by the four 
polarizers. (b) Can the transmitted light be đecreased by 
removing one of the polarizers? If so, which one? (c) Can 
the transmitted light intensity be extinguished by removing 
polarizers? If so, which one(s)? 


 General Problems 


73. 


Light of wavelength 5.0 x 10 ”m passes through two 
parallel slits and falls on a screen 5.0m away. Adjacent bripht 
bands of the interference pattern are 2.0 em apart. (z) Find 
the distance between the slits. (5) The same two sÌits are 
next illuminated by lipht of a different wavelength, and the 
fifth-order minimum for thĩs light occurs at the same point 
on the screen as the fourth-order minimum for the previous 
light. What is the wavelength of the second source of light? 
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74. Television and radio waves reflecting from mountains or 


airplanes can Interfere with the direct sipnal from the 
station. (z) What kind of interference will occur when 
75-MHz television sipnals arrive at a receiver directly from 
a đistant station, and are reflected from a nearby airplane 
122m directly above the receiver? Assume 2A change in 
phase of the signal upon reflection. (b) What kind of inter- 
ference will occur 1Ý the plane 1s 22 m closer to the receiver? 


Tội 


76. 


Tà 


78. 


79, 


80 


81. 


82. 


83. 


84 


S5. 


Red light from three separate sources passes throuph a 
diffraction grating with 3.60 x 10°slits/m. The wave- 
lengths of the three lines are 6.56 < 107”m (hydrogen), 
6.50 < 10””m (neon), and 6.7 x 10””m (argon). Calculate 
the angles for the first-order diffraction line of each source. 


What 1s the Index of refraction of a clear material If a 
minimum thickness of 125 nm, when laid on glass, 1s needed 
to reduce reflection to nearly zero when light of 675 nm 1s 
1neident normally upon 1(2 Do you have a choice for an 
answer? 


Lipht of wavelength 650nm passes through two narrow 
slits 0.66 mm apart. The screen 1s 2.40m away. A second 
source of unknown wavelength produces Ifs second-order 
fringe 1.23mm closer to the central maximum than the 
650-nm light. What is the wavelength of the unknown light? 


Monochromatic light of variable wavelength 1s Incident 
normally on a thin sheet of plastic film in air. The reflected 
lipht 1sa maximum only for À = 491.4nm and À = 688.0 nm 
1n the visible spectrum. What 1s the thickness of the film 
(n = 1.58)? [Himr: Assume successive values of 7.] 


Show that the second- and third-order spectra of white 
light produced by a diffraction grating always overlap. 
WWhat wavelengths overlap? 


A radio station operating at 90.3 MHz broadcasts from two 
1dentical antennas at the same elevation but separated by a 
9.0-m horizontal distance đ, Fig. 24-62. A maximum signal 
1s found along the midline, perpendicular to đ at its midpoint 
and extending horizontally in both directions. If the midline 
1s taken as 0°, at what other anple(s) Ø is a maximum signal 
detected? A minimum signal? Assume all measurements 
are made much 

farther than 9.0m 


from the antenna Antenna l “‹« ọ 
tOW€TS. Ï _—T = 
cơ Midline 
d ~ 
T. 2 
FIGURE 24-62 Problem 80. 
Calculate the minimum thickness needed for an antireflective 


coating (w = 1.38) applied to a glass lens in order to elim- 
Iinate (2) blue (450 nm), or (b) red (720 nm) reflections for 
light at normal incidence. 


Stealth aircraft are designed to not reflect radar, whose 
wavelength 1s typically 2cm, by using an antireflecting 
coating. Ignoring any change in wavelength In the coating, 
estimate 1s thickness. 


A laser beam passes through a slit of width 1.0 cm and 1s 
pointed at the Moon, which 1s approximately 380,000 km 
from the Earth. Assume the laser emi(s waves of wave- 
length 633 nm (the red light of a He—Ne laser). Estimate 
the width of the beam when ¡1t reaches the Moon due to 
diffraction. 


A thin film of soap (w = 1.34) coats a plece of flat glass 
(n = 1.52). How thick 1s the film If it reflects 643-nm red 
lipht most strongly when 1lluminated normally by white lipht? 


When violet lipght of wavelength 415 nm falls on a single 
SH, 1t creates a central diffraction peak that 1s 8.20 em wide 
on a screen that is 3.15 m away. How wide 1s the slit? 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93, 


94. 


95 


96. 


A series of polarizers are each rotated 10” from the previ- 
ous polar1zer. Unpolarized light is incident on this series Of 
polarizers. How many polarizers does the lipht have to go 
through before if is ‡ of its original intensity? 


The wings of a certain beetle have a series of parallel lines 
across them. When normally ¡incident 480-nm lipht 1s 
reflected from the wing, the wing appears bright when 
viewed at an angle of 56°. How far apart are the lines? 


A teacher stands well back from an outside doorway 
0.6Sm wide, and blows a whistle of frequency 950 Hz. 
lgnoring reflections, estimate at what angle(S) it is øf 
pOossible to hear the whistle clearly on the playground oufside 
the doorway. Assume 340 m/s for the speed of sound. 


Lipht is incident on a difraction grating with 7200 slits/cm 
and the pattern ¡1s viewed on a screen located 2.5m from 
the grating. The ¡incident lipht beam consists of two 
wavelengths, À¡ = 4.4 x 10”m and À; = 6.8 x 107m. 
Calculate the linear distance between the first-order bright 
fringes of these two wavelengths on the screen. 


How many sÏits per centimeter must a grating have If 
there 1s to be no second-order spectrum for any visible 
wavelength? 


'When yellow sodium light, À = 589 nm, falls on a difraction 
grating, 1s first-order peak on a screen 72.0 em away falls 
3.32 cm from the central peak. Another source produces 
a line 3.71 cm from the central peak. What 1s Its wavelength? 
How many slits/cm are on the prating? 


Two of the lines of the atomic hydrogen spectrum have 
wavelengths of 656 nm and 410 nm. TỶ these fall at normal 
incidence on a grating with 7700 slits/cm, what will be the 
angular separation of the two wavelengths In the first-order 
Spectrum? 


A tungsten-halogen bulb emits a conftinuous spectrum of 
ultraviolet, visible, and Infrared lipht in the wavelength 
range 360 nm to 2000nm. Assume that the lipht from a 
tungsten-halogen bulb 1s incident on a diffraction grating 
with sÏit spacing đ and that the first-order briphtness maxi- 
mum for the wavelength of 1200 nm occurs at angle 0. What 
other wavelengths within the spectrum of incident light wIll 
produce a briphtness maximum at this same angle Ø? [Optical 
filters are used to deal with this bothersome effect when a 
continuous spectrum of light is measured by a spectrometer. | 


At what angle above the horizon 1s the Sun when lipht 
reflecting off a smooth lake 1s polarized most strongly? 


Unpolarized light falls on two polarizer sheets whose axes 
are at right angles. (2) What fraction of the incident light 
intensity is transmitted? (b) What fraction is transmitted If 
a third polarizer 1s placed between the first two so that 1s 
axIs makes a 56” angle with the axis of the first polar1zer? 
(c) What 1f the third polar1zer 1s In front of the other two? 


At what angle should the axes of two Polaroids be placed 
SO as fo reduce the Intensity of the Incident unpolarized 
light by an additional factor (after the first Polaroid cuts it 
in half) of (a) 4, (b) 10, (c) 1002 


m1 


General Problems 


[ Search and Learn 


1. 


Compare Figs. 24-5, 24-6, and 24-7, which are different 
represenfations of the double-slit experiment. For each 
figure state the direction the light 1s traveling. Where are 
the wave cresfs In terms oŸ this direction? How are they 
represented in each figure? Give one advanfage of each 
figure in helping you understand the double-slit experiment 
and Interference. 


‹ DIscuss the similarities, and differences, of double-slit Inter- 


ference and single-slit diffraction. 


. Describe why the various colors of visible lipht appear as 


they do In Fig. 24-16, where red 1s at the top and violet at 
the bottom, and In Fig. 24-26, where violet 1s closest to 
the central maximum and red 1s farthest from the central 
maximum. 


. When can we use øeometric opftics as in Chapter 23, and 


when do we need to use the more complicated wave model 
Of light discussed in Chapter 24? In particular, what are 
the physical characteristics that matter in making this 
decision? 


. A parallel beam of lipht containing two wavelengths, 


420 nm and 650 nm, enters a borate flint glass equilateral 
prism (Fig. 24-63). (a) What is the angle between the two 
beams leaving the prism? (b) Repeat part (2) for a diffraction 
ørating with 5800 slits/cm. (c) Discuss two advantagpes of a 
diffraction grating, including one that you see Írom your 
results. 


FIGURE 24-63 
Search and Learn 5. 


ANSWERS TO EXERCISES 


A: 333nm; 6.0 x 10!2Hz; 2.0 x 108 m/. 
B: 2.5mm. 

€: NarrOWI. 

D: A. 
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6. 


Suppose you viewed the light ứransrniied throuph a thin 
coating layered on a flat piece of glass. Draw a diagram, 
simllar to Fig. 24-30 or 24—36, and describe the conditions 
required for maxima and minima. Consider all possible 
values of1ndex of refraction. Discuss the relative IntensIty of 
the minima compared to the maxima and to zero. 


'What percent of visible light 1s reflected from plain glass? 
Assume your answer refers to transmission through each 
surface, front and back. How does the presence of multiple 
lenses In a good camera degrade the Iimage? What 1s 
supgested In Section 24-8 to reduce this reflection? 
Explain in words, and sketch how this solutlon works. 
For a glass lens In air, about how much Improvement does 
this solution provide? 


E: (e). 
E:  Zero for both (z) and (5), because the two successIve 


polarizers at 90” cancel all light. The 45° Polaroid must be 
inserted bef+oeen the other two I1 transmission Is fO OCCUFT. 


b) w1h te @oaidcd cực Dhẹ cyc 


Koờith part (b), (n shích the xaøc 
hd cyc. revcals that the anglc thc 
agmmficr se The @e@®gular 
4š dcftned ax the rao oí thc 
uhc angbkc suhtcndecd usiag 
{ the cyc (X 


ended by an object when 6 
the unaided eye, with the object at thể 
â normal eye): 


3*cm for 


M 


@43%-1) 


where # and #* are shown in Fig. 25-17. We 
leneth by noting that Ø = "/MN (Fig.25-17b) ä 
, 8 s the height of the objcct and we assurmne 

rađians) equal their sines and tangents lí the 

the tmage will be at infinity and the object 
\eilsail sec Fiíg 25-18 Then d„= / and 8 = 
(Fig. 25-17b). Thus 
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Optical Instruments 


CHAPTER-OPENING QUESTION——Guess now! 

Because of diffraction, a light microscope has a useful magnification of about 
(a) 50x; (b) 100; (e) 500; (d) 2000; (e) 5000; 

and the smallest obJects 1t can resolve have a s1ze of about 


(a) 10nm; (b) 100nm; (c) 500nm; (đ) 2500nm; (e) 5500nm. 


also described a few 1nstruments such as the spectrometer and the Michelson 

Iinterferometer. In this Chapter, we will discuss some more common Instru- 
menfs, most of which use lenses, Including the camera, telescope, mIcroscope, 
and the human eye. To describe their operation, we wilÏ use ray diagrams as we 
did in Chapter 23. However, we will see that understanding some aspectfs oŸ theIr 
Ooperation wIll require the wave nature of light. 


| n our discussion of the behavior of light in the two previous Chapters, we 


25—] Cameras: Film and Digital 


The basic elements of a camera are a lens, a light-tight box, a shutter to let light 
pass through the lens only briefly, and In a digital camera an electronIc senSOrT OT 
in a traditional camera a piece of film (Fig. 25—1). When the shutter 1s opened for 
a brief “exposure,” light from external obJects In the field of view 1s focused by 
the lens as an image on the sensor or fiÌm. 

You can see the Image yourself 1Ÿ you remove the back of a conventional 
camera, keeping the shutter open, and view throuph a pIece of tissue paper (on 
which an image can form) placed where the film should be. 


Of the many optical devices we 
discuss In this Chapter, the 
magnifying glass 1s the simplest. 
Here ït is magnifying part of 

page 722 of this Chapter, which 
describes how the magnifying ølass 
works according to the ray model. 
In this Chapter we examine film 
and digital cameras, the human 
eye, eyeplasses, telescopes, and 
microscopes as well as Imaøe 
resolution, X-rays, and CT' scans. 
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FIGURE 25-1 A simple camera. 
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FIGURE 25-2 Portion of a typical 
Bayer array sensor. A square øroup 
of four pixels Š§ is sometimes called a 
“color pIxel.” 


FIGURE 25-3 A layered or “Foveon” 
tri-pIxel that includes all three colors, 
arranged vertically so lipht can pass 
throuph all three subpixels. 


White light 
c=._=- 
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FIGURE 25-4 Suppose we take a 
pIicture that includes a thin black line 
(our object) on a white background. 
The /mage of this black line has a 
colored “halo” (red above, blue below) 
due to the mosalc arranyement of 
color filter pIxels, as shown by the 
colors transmitted to the Image. 
Computer averaging minimizes such 
color problems (the green at top and 
bottom of image may average with 
nearby pIxels to ø1ve white or nearly 
so) but the image 1s consequently 
“softened” or blurred. 


Pixels 
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Film contains a thin emulsion (= a coating) with lighf-sensitive chemicals that 
change when light strikes them. The film 1s then developed by chemicals dissolved 
in water, which causes the most changed areas (brightest light) to turn opaque, 
so the image is recorded on the film. We might call film “*chemical photography” 
as compared to digital, which 1s electronc. 


Digital Cameras, Electronic Sensors (CCD, CMOS) 


In a digifal camera, the film 1s replaced by a semiconductor sensor. TWO types are 
common: CCD (charge-coupled deuice) and CMOS (complementary metal oxide 
sermiconductor). A CCD sensor 1s made up of millions of tiny semiconductor pixels 
(“picture elemenfts”)—see Fig. 24-49. A 12-MP (12-megapixel) sensor might contain 
about 4000 pixels horizontally by 3000 pixels vertically over an area of perhaps 
16 x 12mm, and preferably larger such as 36 x 24mm like 35-mm film. Light 
reaching any pixel liberates electrons within the semiconductor° which are stored 
as charge In that pIxel”s capacitance. The more Iintense the light, the more charge 
accumulates during the brief exposure time. After exposure, the charge on each 
pIxel has to be “read” (measured) and stored. A reader circuit first reads the 
charge on the pixel capacitance right next to 1t. Immediately after, the charge on 
each pixel is electronically transferred to 1s adJacent pixel, towards the reader 
which reads each pixel charge In sequence, one-by-one. Hence the name 
“charge-coupled device.” All this information (the brightness of each pixel) goes to 
a central processor that stores 1t and allows re-formation of the Image later onto 
the camera”s screen, a computer screen, or a printer. After all the pixel charge 
information 1s transferred to memory (Section 21—8), a new picture can be taken. 

A CMOS sensor also uses a silicon semiconductor, and incorporafes tran- 
sistor electronics within each pixel, allowing parallel readout, somewhat like the 
similar MOSEETT array that was shown 1n Eig. 21—29. 

Sensor s1zes are typically In the ratio 4:3 or 3:2. A larger sensor 1s better 
because ¡it can hold more pixels, and/or each pixel can be larger and hold more 
charge (free electrons) to provide a wider range of briphtness, better color accuracy, 
and betfter sensitivity in low-light conditions. 

In the most common array of pixels, referred to as a Bayer mosaic, colOr 1s 
achieved by red, green, and blue filters over alternating pixels as shown In 
Fig. 25-2, similar to what a color LCD or CRT screen does (Sections 17—11 and 
24—11). The sensor type shown In Fig.25—2 confains twice as many green piIxels as 
red or blue (because green seems to have a stronger influence on the human 
eye's sensation of sharpness). The computer-analyzed color at many pixels 1s 
offten an average with nearest-neiphbor colors to reduce memOry S1z€ 
(= compression, see page 489). 

Each different color of pixel in a Bayer array 1s counted as a separafe pIxel. 
In contrast, in an LCD screen (Sections 17-11 and 24-11), a group of three 
subpixels 1s counted as one pixel, a more conservafive count. 

An alternative technology, called “Foveon,” uses a semiconductor layer sys- 
tem. Different wavelengths of light penetrate silicon to diferent depths, as shown in 
Hig. 25-3: blue wavelengths are absorbed 1n the top layer, allowing green and red 
light to pass through. Longer wavelengths (green) are absorbed In the second 
layer, and the bottom layer detecfs the longest wavelengths (red). All three colors 
are detected by each “tri-pixel” site, resulting in better color resolution and fewer 
artifacts. 


Digital Artifacts 


Digital cameras can produce image artifacts (artificial effects in the Image not 
present ¡in the original) resulting from the electronic sensing of the image. One 
example using the Bayer mosalc of pixels (Eig. 25-2) is described in Eig. 25—4. 


PTHis is called a megafiue, because the black areas correspond to bright objects and vice versa. The 
same process occurs during printing to produce a black-and-white “positive” picture from the 
negative. Color film has three emulsion layers (or dyes) corresponding to the three primary colors. 
'Specifically, photons of light knock electrons in the valence band up to the conduction band. This 
material on semiconductors is covered in Chapter 29. 


Camera Adjustments 


There are three main adjustments on øgood-quality cameras: shutter speed, #-stop, 
and focusing. Although most cameras today make these adjustmentfs automati- 
cally, 1t is valuable to understand these adjustments to use a camera effectively. 
For special or top-quality work, a manual camera 1s indispensable (Fig. 25—5). 


Exposure time or shutter speed_ This refers to how quickly the digital sensor 
can make an accurate reading of the Images, or how long the shutter of a camera 
1S oDen and the film or sensor 1s exposed. It could vary from a second or more 
(“time exposures”) tO igpps Or faster. To avoid blurring from camera movement, 
exposure times shorter than 1ags are normally needed. If the object is moving, 
even shorter exposure times are needed to “stop” the action (igpgs or less). 
T the exposure time 1s not fast enouph, the image will be blurred by camera 
shake. Blurring im low light conditions 1s more of a problem with cell-phone 
cameras whose inexpensive sensors need to have the shutter open longer to 
collect enouph lipht. Digital still cameras or cell phones that take short videos 
must have a fast enough “sampling” time and fast “clearing” (of the charge) so 
as to take pictures at least 15 frames per second; preferable is 24 fps (like film) 
or 30, 60, or 120fps like TV refresh rates (25, 50, or 100 In areas like Europe 
where 50 Hz is the normail line voltage frequency). 


ƒ-stop The amount of light reaching the sensor or film depends on the area of 
the lens opening as well as shutter speed, and must be carefully controlled to 
avoid underexposure (too little light so the picture 1s dark and only the brightest 
objects show up) or overexposure (too much light, so that bripght obJects have a 
lack of contrast and “washed-out” appearance). A high quality camera con- 
trols the exposure with a “stop” or Iris diaphragm, whose opening 1s of variable 
diameter, placed behind the lens (Eig. 25-1). The lens opening 1s controlled 
(automatically or manually) to compensate for bright or dark lighting conditions, 
the sensitivity of the sensor or film,Ï and for different shutter speeds. The size of 
the opening 1s specifled by the /-stop or /-number, defined as 
lễ 

ƒ-stop n 
where ƒ1s the focal length of the lens and ?D 1s the diameter of the lens opening 
(see Fig. 25-1). For example, when a 50-mm-focal-length lens has an opening 
D = 25mm, then ƒ/D = 50mm/25 mm = 2, so we say ït ¡is set at ƒ/2. When 
this lens is set at ƒ/5.6, the opening is only 9 mm (50/9 = 5.6). For faster shutter 
speeds, or low light conditions, a wider lens opening must be used to øef a proper 
exposure, which corresponds to a smaller ƒ#stop number. The smaller the ƒˆstop 
number, the larger the opening and the more light passes through the lens to the 
sensor or film. The smallest ƒ#-number of a lens (largest opening) 1s referred to as 
the speed of the lens. The best lenses may have a speed of ƒ/2.0, or even faster. 
The advantage of a fast lens 1s that 1t allows pictures to be taken under poor 
lighting conditions. Good quality lenses consist of several elements to reduce the 
defects present in simple thin lenses (Section 25—6). Standard ƒ-stops are 


1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8, 11, 16, 22, and 32 


(Hig. 25—5). Each of these stops corresponds to a diameter reduction by a factor of 
V⁄2 z 1.4. Because the amount of light reaching the film is proportional to the 
area oŸ the opening, and therefore proportional to the điameter squared, each 
standard ƒ#ˆstop corresponds to a factor of 2 change in light Iintensity reaching 
the film. 


TDifferent films have different sensitivities to light, referred to as the “film speed” and specified as an 
“ISO (or ASA) number.” A “faster” film is more sensitive and needs less light to produce a good 
1mage, but 1s srainier which you see when the image 1s enlarged. Digital cameras may have a “gain” or 
#ISO” adjustment for sensitivity. A typical everyday ISO might be 200 or so. Adjusting a CCD to be 
#faster” (high ISO like 3200) for low light conditions results in “noise,” resulting in graininess Just as 
in film cameras. 


SECTION 25-1 


FIGURE 25-5 On this camera, the 
ƒˆstops and the focusing ring are on 
the camera lens. Shutter speeds are 
selected on the small wheel on top 

of the camera body. 
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(b) 
FIGURE 25-6 Photos taken with a 
camera lens (a) focused on a nearby 
object with đistant object blurry, and 
(b) focused on a more distant object 
with nearby obJect blurry. 


Focusing Focusing ¡is the operation of placing the lens at the correct position 
relative to the sensor or film for the sharpest image. The Image distance 1s 
smallest for objects at infinity (the symbol oo 1s used for infinity) and ¡s equal to 
the focal length, as we saw 1n Section 23—7. For closer obJects, the image đistance 
1S øreater than the focal length, as can be seen from the lens equation, 
1/ƒ = 1/d¿ + 1/4; (Eq. 23-8). To focus on nearby objects, the lens must there- 
fore be moved away from the sensor or film, and this 1s usually done on a manual 
camera by turning a ring on the lens. 

TỶ the lens 1s focused on a nearby obJect, a sharp image of It will be formed, 
but the image of distant objects may be blurry (Fig. 25-6). The rays from a point 
on the distant obJect wIll be out of focus——instead of a point, they will form a 
circle on the sensor or film as shown (exaggerated) in Fig. 25—7. The distant object 
wIll thus produce an Image consisting of overlapping circles and wIll be blurred. 
These circles are called cireles of confusion. To have near and distant obJects sharp 
in the same photo, you (or the camera) can try setting the lens focus at an inter- 
mediate position. For a given distance setting, there 1s a range of distances over 
which the circles of confusion will be small enough that the images will be 
reasonably sharp. This 1s called the depth of field. Eor a sensor or film width of 
36 mm (mcluding 35-mm film cameras), the depth of field 1s usually based on 
a maximum circle of confusion diameter of 0.030 mm, even 0.02 mm or 0.01 mm 
for critical work or very large photographs. The depth of field varies with the 
lens opening. If the lens opening 1s smaller, only rays through the central part 
of the lens are accepted, and these form smaller circles of confusion for a ø1ven 
object distance. Hence, at smaller lens openings, a øreater range of object dis- 
tances wïll fit within the circle of confusion criterion, so the depth of field 1s greafter. 
Smaller lens openings, however, result in reduced resolution due to diffraction 
(discussed later in this Chapter). Best resolution ¡s typically found around ƒ/5.6 


or ƒ/8. 


Rays from 
nearby obJect 
(in focus) 


Rays from 


distant obJject 


“Circle of confusion” 
for distant obJect 
(greatly exaggerated) 


FIGURE 25-7 When the lens 1s positioned to focus on a nearby obJect, 
poInts on a đdistant object produce circles and are therefore blurred. 
(The effect is shown greatly exaggerated.) 


Camera focus. How far must a 50.0-mm-focal-lenpth 
camera lens be moved from 1s Infinity setting to sharply focus an object 3.00 m 
away? 

APPROACH For an obJect at nñnity, the Image ïs at the focal point, by definition 
(Section 23-7). For an object distance of 3.00 m, we use the thin lens equation, 
Eq. 23-8, to find the image distance (distance of lens to film or sensor). 


SOLUTION When focused at mnfinity, the lens 1s 50.0 mm from the film. When 
focused at đ¿ = 3.00m, the Image distance 1s given by the lens equation, 
Di. lỈ 1 1 3000 — 50 2950 
(3000)(50.0)mm 150,000mm 


d ƒ dạ 500mm 3000mm 
We solve for đ; and ñnd đ¡ = 50.8 mm, so the lens needs to move (0.8 mm away 


from the film or digital sensor. 


EXERCISEA If the lens of Example 25—1 is 50.4 mm from the film or sensor, what ¡s the 
obJect distance for sharp focus? 
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CONCEPTUAL EXAMIPLE 25-2 | Shutter speed. To improve the depth of 
field, you “stop down” your camera lens by two ƒ#-stops from ƒ/4 to ƒ/8. What 


should you do to the shutter speed to maintain the same exposure? 


RESPONSE The amount of light admitted by the lens 1s proportional to the 
area of the lens opening. Reducing the lens opening by two ƒ-stops reduces the 
diameter by a factor of 2, and the area by a factor of 4. To maintain the same 
exposure, the shutter must be open four times as long. If the shutter speed had 
been sjp s, you would have to increase the exposure time tO 12s S. 


* Picture Sharpness 


The sharpness of a picture depends not only on accurafe focusing and short exposure 
times, but also on the øraininess of the film, or number o pixels on a digital sensor. 
FEine-grained films and tiny pixels are “slower,” meaning they require longer expo- 
sures for a øiven light level. All pixels are rarely used because digital cameras have 
averaging (or “compression”) prosrams, such as JPEG, which reduce memory s1ze 
by averaging over pixels where little contrast 1s detected. But some detail 1s Inevi- 
tably lost. For example, a small blue lake may seem uniform, and coding 600 pIxels 
as 1dentical takes less memory than specifying all 600. Any slight variation of the 
water surface 1s lost. Full “RAW” data uses more memory. Fllm records everything 
(down to 1s prain size), as does RAW ïf your camera offers it. The processor also 
averages over pixels In low light conditions, resulting In a less sharp photo. 
The quality of the lens strongly affects the Image quality, and we discuss lens 
resolution and diffraction effects in Sections 25-6 and 25-7. The sharpness, or 
resolufion, of a lens 1s often ø1ven as so many lines per millimeter, measured by 
photographing a standard set of parallel black lines on a white background 
(sometimes said as “line pairs/mm”) on fine-grain film or high quality sensor, or 
as so many dots per Inch (dpi). The minimum spacing of distinguishable lines or 
dots gives the resolution. A lens that can give 50lines/mm ¡is reasonable, 
100 lines/mm ïs very good (= 100 dots/mm + 2500 dpi). Electronic sensors also 
have a resolution and 1f 1s sometimes given as line pa1rs across the full sensor width. 
A “full” Bayer pixel (upper left in Eig. 25-2) 1s 4 regular pixels: for example, 
to make a white dot as part of a white line (between two black lines when deter- 
mining lens resolution), all 4 Bayer pixels (RGGB) would have to be bright. For 
a Foveon, all three colors of one pixel need to be bright to produce a white dot. 


EXAMPLE 25-3 | Pixels and resolution. A digital camera offers a maximum 
resolution of 4000 x 3000 pixels on a 32 mm X 24 mm sensor. How sharp should 
the lens be to make use of this sensor resolution in RAW? 


APPROACH We find the number of pixels per millimeter and require the lens 
to be at least that good. 


SOLUTION We can either take the image height (3000 pixels in 24 mm) or the 
width (4000 pixels in 32 mm): 
3000 pixels 


TP nNGG 125 pixels/mm. 
We would like the lens to match this resolutlon of 125 lines or dots per mm, 
which would be a quite good lens. If the lens 1s not this good, fewer pixels and 


less memory could be used. 


NOTE Increasing lens resolution 1s a tougher problem today than ¡s squeezing 
more pIxels on a CCD or CMOS sensor. The sensor for hiph quality cameras 
must also be physically larger for better Image accuracy and greater lipht 
sensifivity 1n low light conditions. 


?Consider a 4000 < 3000 pixel array. For a Foveon, each “full pixel” (Eig. 25~3) has all 3 colors, each 
of which can be counted as a pixel, so It may be considered as 4000 x 3000 x 3 = 36MP. For a 
Bayer sensor, Fig. 25-2, 4000 x 3000 is 12 MP (6 MP of green, 3 MP each of red and blue). There are 
more green pixels because they are most important in our eyes` ability to note resolution. So the 
distance between green pixels is a rough guide to the sharpness of a Bayer. To match a 4000 < 3000 
Foveon (36 MP, or 12 MP of tri-pixel sites), a Bayer would need to have about 24 MP (because it 
would then have 12 MP of green). This “equivalence” 1s only a rough approximation. 


SECTION 25-1 
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When is a photo sharp? 


Prism 


Mirror 


FIGURE 25-8 Sinsle-lens reflex 
(SLR) camera, showing how the 
1mage 1s viewed throuph the lens 
with the help of a movable mirror 
and prism. 


Blown-up photograph. A photograph looks sharp 
at normal viewing distances 1ƒ the dots or lines are resolved to perhaps 
10 dots/mm. Would an 8 x 10-inch enlargement of a photo taken by the camera 
in Example 25—3 seem sharp? 


APPROACH We assume the image 1s 4000 x 3000pixels on a 32 X 24-mm 
sensor as in Example 25-3, or 125 pixels/mm. We make an enlarged photo 
8 x 101n. = 20cm x 25cm. 


SOLUTION The short side of the sensor 1s 24mm = 2.4cm long, and that side 
of the photograph 1s 8 Iinches or 20 cm. Thus the s1ze 1s Increased by a factor of 
20 cm/2.4cm + 8x (or 25 cm/3.2cm + 8X). To fill the 8 x 10-in. paper, we 
assume the enlargement 1s 8. The pixels are thus enlarged 8X. So the pixel 
count of 125/mm on the sensor becomes 125/8 = 15 per mm on the print. 
Hence an 8 x 10-inch print would be a sharp photograph. We could go 50% 
larger—11 X 14 or maybe even 12 X 18 inches. 


In order to make very large photographic prints, large-format cameras are used 
such as 6 cm x 6 cm (2¿inch square)—either film or sensor—and even 4 x 5inch 
and 8 x 10inch (using sheet film or glass plates). 


EXERCISE B The criterion of 0.030 mm as the diameter of a circle of confusion as 
acceptable sharpness 1s how many dofs per mm on the sensor? 


Telephotos and Wide-angles 


Camera lenses are categorized Iinto normal, telephofo, and wide angle, according 
to focal length and film size. A normail lens covers the sensor or film with a field 
Of view that corresponds approximately to that of normal vision. A “normal” lens 
for 35-mm film has a focal length of 50 mm. The best digital cameras aim for a 
sensor of the same sizeÏ (24 mm x 36 mm). (If the sensor is smaller, đigital cam- 
eras sometimes specIfy focal lengths to correspond with classic 35-mm cameras.) 
Telephoto lenses act like telescopes to magnlify images. They have longer focal 
lengths than a normal lens: as we saw in Section 23—8 (Eq. 23-9), the height of the 
1mage for a given obJect distance 1s proportional to the Image distance, and the 
1mage distance wIll be greater for a lens with longer focal length. For distant 
objects, the Image heipht 1s very nearly proportional to the focal length. Thus 
a 200-mm telephoto lens for use with a 35-mm camera gIves a 4 magmification 
over the normal 50-mm lens. A wide-angle lens has a shorter focal length than 
normail: a wider field of view 1s included, and obJects appear smaller. A zoom lens 
1s one whose focal leneth can be changed (by changing the distance between the thin 
lenses that make up the compound lens) so that you seem to zoom up to, or away 
from, the subJect as you change the focal length. 

Digital cameras may have an opfical zoom meaning the lens can change focal 
length and maintain resolution. But an “electronic” or digital zoom Just enlarges 
the dots (pixels) with loss of sharpness. 

Different types of viewing systems are used In cameras. In some cameras, 
you view through a small window Just above the lens as in Eig. 25-1. In a 
single-lens reflex camera (SLR), you actually view throuph the lens with the use 
Of prisms and mirrors (Fig. 25-8). A mirror hanøs at a 45° angle behind the lens 
and flips up out of the way Just before the shutter opens. SLRs have the advan- 
tage that you can see almost exactly what you wIll get. Digital cameras use an LCD 
display, and 1t too can show what you wIll get on the photo 1 1t 1s carefully 
designed. 


TA “35-mm camera” uses film that is physically 35 mm wide; that 35 mm is not to be confused with a 
focal length. 35-mm film has sprocket holes, so only 24 mm of1ts height 1s used for the photo; the width 
1s usually 36 mm for stills. Thus one frame 1s 36mm x 24mm. Movie frames on 35-mm film are 
24mm Xx 18mm. 
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25_-2 The Human Eyc; 
Corrective Lenses 


The human eye resembles a camera in is basic structure (Fig. 25-9), but 1s far @® PHYSICS APPLIED 
more sophisticated. The Interior of the eye 1s filled with a transparent gel-like The eye 

substance called the øireous hưumnor with Index oŸ refractlon ø = 1.337. Lipht 
enters this enclosed volume through the cornea and lens. Between the cornea and 
lens is a watery fluid, the aqueous humor (agua 1s “water”1n Latin) with ø = 1.336. 
A điaphragm, called the iris (the colored part of your eye), adJusts automatically 
to conftrol the amount of light entering the eye, similar to a camera. The hole 1n the 
1ris through which light passes (the pupil) ¡is black because no light is reflected 
from It (is a hole), and very little lipht 1s reflected back out from the interior of Pupil 
the eye. The retina, which plays the role of the film or sensor In a camera, 1s on the Cornea 
curved rear surface of the eye. The retina consisfs of a complex array Of nerves 
and receptors known as rods and cones which act to change lipht energy Into elec- DillätY 

trical signals that travel along the nerves. The reconsfruction of the Image from all muscles 

these tỉny T€C€PfOTS 1S done mainly In the brain, although some analySis may aÌSO  FIGURE 25-9 Diagram of a human 
be done In the complex interconnected nerve network at the retina 1(self. At the 
center of the retina 1s a small area called the fovea, about 0.25 mm in diameter, 
where the cones are very closely packed and the sharpest Image and best color 
discrimination are found. 

Unlike a camera, the eye contains no shutter. The equivalent operafion 1s 
carried out by the nervous system, which analyzes the signals to form Images at 
the rate of about 30 per second. This can be compared to motion picture or tele- 
vision cameras, which operate by taking a series of still pictures at a rate of 24 
(movies) and 60 or 30 (U.S. television) per second. Theiïr rapid projection on the 
screen gIves the appearance of motion. 

The lens of the eye (w = 1.386 to 1.406) does little of the bending of the lipht FIGURE 25-10 Accommodation 
rays. Most of the refraction is done at the front surface of the cornea (w = 1.376) by a normal eye: (a) lens relaxed, 
at its interface with air (z = 1.0). The lens acts as a fine adjustment for focusing  focused at infinity; (b) lens thickened, 
at đifferent distances. This is accomplished by the ciliary muscles (Fig. 25-9),  focused on a nearby object. 
which change the curvature of the lens so that 1ts focal length 1s changed. To Focal point of lens and cornea 
focus on a distant obJect, the ciliary muscles of the eye are relaxed and the lens 1s 
thin, as shown In Eig. 25-10a, and parallel rays focus at the focal point (on the 
retina). To focus on a nearby object, the muscles contract, causing the center of Object 
the lens to thicken, Fig. 25—10b, thus shortening the focal length so that Images of a{ e 
nearby oblJects can be focused on the retina, behind the new focal point. This 
focusing adJustment 1s called accommodatfion. (a) 

The closest distance at which the eye can focus clearly 1s called the near point 
of the eye. For young adults It 1s typIcally 25 cm, although younger children can 
often focus on oblects as close as 10cm. As people grow older, the ability to 
accommodate 1s reduced and the near point Increases. A ø1ven person”s far poiïnf 
1s the farthest distance at which an obJect can be seen clearly. For some Durposes 
1 1s useful to speak of a normal eye (a sort of average over the population), 
defined as an eye having a near point of 25 cm and a far point of 1nfnity. To check Object 
your own near point, place this book close to your eye and slowly move 1t away 
until the type 1s sharp. 

The “normal” eye 1s sort of an ideal. Many people have eyes that do not (b) 
accommodate within the “normal” range of 25 em to Infinity, or have some other 
defect. Two common defects are nearsightedness and farsiphtedness. Both can 
be corrected to a large extent with lenses——either eyeglasses or contact lenses. 

In nearsighfedness, or myopia, the human eye can focus only on nearby 
obJects. The far poïnt 1s not infinity but some shorter distance, so distant obJecfs 
are not seen clearly. Nearsiphtedness 1s usually caused by an eyeball that 1s too 
long, although sometimes 1t 1s the curvature of the cornea that 1s toO great. 

In either case, Images of distant objJects are focused 1n front of the retina. 


Ciliary 
muscles 


humor 


cyc. 


Focal point of lens and cornea 
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Object 
at œ 


FIGURE 25-11 Correcting eye defects 
with lenses. (a) A nearsighted eye, which 
cannot focus clearly on đdistant obJects 
(focal poïnt is in front of retina), can 

be corrected (b) by use of a diverging lens. 
(c) A farsiphted eye, which cannot focus 
clearly on nearby objects (focus point 
behind retina), can be corrected (d) by 
use OŸ a converging lens. 


(a) Nearsighted eye 


(b) Corrected 
nearsighted eye 


(đ) Corrected 
farsighted eye 


@® PHYSICS APPLIED A diverging lens, because It causes parallel rays to diverge, allows the rays to be 
Correciiue lenses focused at the retina (Figs. 25—11a and b) and thus can correct nearsiphtedness. 

In farsightedness, or hyperopia, the eye cannot focus on nearby obJects. 

Althouseh distant obJects are usually seen clearly, the near point is somewhat øreafer 

than the “normal” 25 cm, which makes reading difficult. This defect is caused by an 

eyeball that 1s too short or (less offten) by a cornea that 1s not sufficiently curved. It 

1S COrrected by a converging lens, Figs. 25-11c and d. Similar to hyperopia 1s 

presbyopia, which 1s the lessening ability of the eye to accommodate as a person 

ages, and the near poInt moves out. Converging lenses also compensate for this. 

Asfigmatfism 1s usually caused by an out-of-round cornea or lens so that point 

obJects are focused as short lines, which blurs the image. I{ is as 1Ÿ the cornea were 

FIGURE 25-12 A cylindrical lens spherical with a cylindrical section superimposed. As shown In Eig. 25—12, a cylin- 

forms a line image of a point object  drical lens focuses a point into a line parallel to is axis. An astigmatic eye may 

because ïf is converging in one plane  focus rays in one plane, such as the vertical plane, at a shorter distance than it does 

Only. : for rays in a hor1zontal plane. Astigmatism 1s corrected with the use of a compen- 

Image (in€)  satïng cylindrical lens. Lenses for eyes that are nearsighted or farsighted as well 

as astipmatic are ground with superimposed spherical and cylindrical surfaces, so 
that the radius of curvature of the correcting lens 1s different in different planes. 


EXAMPLE 25-5 | Farsighted eye. A farsiphted cye has a near point of 
100 cm. Reading glasses must have what lens power so that a newspaper can be 
read at a distance of 25 cm? Assume the lens 1s very close to the eye. 


APPROACH When the object is placed 25 cm from the lens ( d„), we want the 
image to be 100 em away on the sưne side of the lens (so the eye can focus 1t), 
and so the Image 1s virtual, as shown In Hg. 25-13, and đ¡ = —100cm wIll be 
negative. We use the thin lens equation (Eq. 23-8) to determine the needed 
focal length. Optometrists” prescriptions specify the power (P = 1/ƒ, 
Eq.23-7) given in diopters (1D = 1m). 

SOLUTION Given that đ„ = 25cm and đ¡ = —100 cm, the thin lens equation 
ØIV€S 


1 1 1 1 1 4—1 1 


+ + : 
ƒ LẠNH: 25cm —100cm 100 cm 33 cm 


So ƒ = 33cm = 0.33m. The power P of the lens is P = 1/ƒ = +3.0D. The 
plus sign indicates that 1t 1s a converging lens. 


NOTEWe chose the Iimage position to be where the eye can actually focus. The lens 
needs to put the image there, ø1ven the desired placement of the object (newspaper). 


FIGURE 25-13 Lens of reading slasses 
(Example 25—5). 
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Nearsighted eye. A nearsighted eye has near and far poinfs 
of 12 cm and 17 em, respectively. (z) What lens power is needed for this person 
to see distant objects clearly, and (b) what then will be the near point? Assume 
that the lens is 2.0 em from the eye (typical for eyeglasses). 


APPROACH Fcr a distant object (đ¿ = oo), the lens must put the image at the 
far point of the eye as shown 1n Eig. 25—14a, 17 em In front of the eye. We can 
use the thin lens equation to find the focal length of the lens, and from this 1s 
lens power. The new near poiïnt (as shown in Fig. 25—14b) can be calculated for 
the lens by again using the thin lens equation. 


SOLUTION (ø) For an object at infinity (d¿ = oo), the image must be in front 
of the lens 17 cm from the eye or (17 em — 2cm) = 15 cm from the lens; hence 


đ; = —15cm. We use the thin lens equation to solve for the focal length of the 
needed lens: 

1... JI _ 1 : 1 ¬ 

ƒ đ d, ©o —15 em 15cm 


So ƒ = -1Š5cm = -0.15m or P = 1/ƒ = —6.7D. The minus sign indicafes 
that 1t must be a diverging lens for the myOpIc eye. 

(b) The near point when glasses are worn is where an object is placed (đ„) so 
that the lens forms an image at the “near point of the naked eye,” namely 12 cm 
from the eye. That image point1s (12cm — 2cm) = 10cm ïn front of the lens, 


so đ;¡ = —0.10m and the thin lens equation g1ves 
1 1 1 — 1 ñ 1 ¬.... 
đọ ƒ d 015m 010m 0.30m 0.30m 


So đ¿ = 30cm, which means the near point when the person 1s wearing glasses 
1s 30 cm 1n front of the lens, or 32 cm from the eye. 


Contact Lenses 


Suppose confact lenses are used to correct the eye in Example 25-6. Since 
confacts are placed directly on the cornea, we would not subtract out the 2.0 em 
for the Image distances. That 1s, for distant objects đ¡ = ƒ = —17cm, so 
P = 1/ƒ = —5.9D. The new near point would be 41 em. Thus we see that a 
contact lens and an eyeglass lens will require shiphtly different powers, or focal 
lengths, for the same eye because of therr different placements relative to the eye. 
We also see that glasses In this case ø1ve a better near point than confacts. 


EXERCISE€C_ What power of contact lens 1s needed for an eye to see distant objects IŸ its 
far point 1s 25 cm? 


Underwater Vision 


'When your eyes are under water, distant underwater objects look blurry because 
at the water—-cornea Interface, the difference in indices Of refraction 1s very small: 
m = 1.33 for water, 1.376 for the cornea. Hence light rays are bent very little and 
are focused far behind the retina, Eig.25—15a. IÝ you wear gogsles or a face mask, 
you resfore an air-cornea Interface (nø = 1.0 and 1.376, respectively) and the 
rays can be focused, Eig. 25—15b. 


Ñ cm» 


Object 


(Far point) 
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| 
max 


(Ñear point) 


(b) 
FIGURE 25-14 Example 25-6. 
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FIGURE 25-15 (a) Under water, we see a blurry 
1mage because light rays are bent much less than 
1n air. (b) If we wear goggles, we again have an 
alr-cornea Interface and can see clearly. 
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FIGURE 25-16 When the same object 
1s viewed at a shorter distance, the 
1mage on the retina 1s greater, so the 
object appears larger and more detal 
can be seen. The angle Ø that the obJect 
subtends ïn (a) is greater than ïn (b). 
Note: Thịs 1s not a normal ray diagram 
because we are showing only one ray 
from each point. 


25-3 Magnifying Glass 


Much of the remainder of this Chapter will deal with optical devices that are used 
to produce magnified images of obJects. We first discuss the simple magnifier, 
or magnifying glass, which is simply a converging lens (see Chapter-Opening 
Photo, page 713). 

How large an objJect appears, and how much detail we can see on 1t, depends 
on the size of the image 1t makes on the retina. This, in turn, depends on the 
angle subtended by the object at the eye. For example, a penny held 30 em from 
the eye looks twice as tall as one held 60 em away because the angle 1t subtends 1s 
twice as great (Fig. 25-16). When we want to examine detail on an obJect, we 
bring it up close to our eyes so that 1t subtends a greater angle. However, our 
eyes can accommodate only up to a point (the near point), and we wilÏl assume 
a standard distance of W = 25 em as the near point in what follows. 

A magnifying glass allows us to place the object closer to our eye so that 1t 
subtends a greater angle. As shown In Hig. 25—17a, the object 1s placed at the 
focal poïmt or Just within it. Then the converging lens produces a virtual image, 
which must be at least 25 em from the eye 1f the eye 1s to focus on 1t. IÝthe eye 1s 
relaxed, the image will be at infinity, and in this case the obJect 1s exactly at the 
focal point. (You make this slight adjustment yourself when you “focus” on the 
obJect by moving the magnifying glass.) 


LỆ 7 ——SŠỐsSs` 
: 90 
L N : 


(= 25 cm for normal eye) 


(b) 


FIGURE 25-17 Leaf viewed (a) through a magnifying glass, and (b) with the unaided eye. The eye is 
focused at 1ts near point in both cases. 


FIGURE 25-18 With the eye relaxed, 
the objJect 1s placed at the focal point, 
and the image 1s at Infinity. Compare 
to Eig. 25—17a where the Image 1s at 
the eye”s near poïnt. 
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A comparison of part (a) of Fig. 25-17 with part (b), in which the same 
object 1s viewed at the near point with the unaided eye, reveals that the angle the 
object subtends at the eye 1s much larger when the magnifier 1s used. The angular 
magnifcation or magnifying power, 1⁄, of the lens is defined as the ratio of the 
angple subtended by an object when using the lens, to the angle subtended using 
the unaided eye, with the object at the near point M of the eye (NW = 25cm for 
a normal eye): 

M = cề (25-1) 

6 

where Ø and 6' are shown In Eig. 25-17. We can write Mí in terms of the focal 
length by noting that Ø = h/N (Fig.25-17b) and Ø' = h/đ¿ (Fig.25-17a), where 
h 1s the height of the object and we assume the angles are small so Ø and 6” (n 
radians) equal theïr sines and tangents. If the eye 1s relaxed (for least eye strain), 
the image wIll be at Innfmity and the object wIll be precisely at the focal poïmt; 
see Fig. 25-18. Then d¿ = ƒ and 6' = h/ƒ, whereas Ø0 = h/N as before 
(Eig.25—17b). Thus 


ø' h/ƒ N eye focused at œ; 
N 


lu 0 — h/N ˆ f£ = 25cm for normal eye 


| (25-2a) 


We see that the shorter the focal length of the lens, the greater the magnification. 


TSimple single-lens magnifiers are limited to about 2 or 3X because of blurring due to spherical 
aberration (Section 25~6). 
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The magnification of a given lens can be Increased a bit by moving the lens 
and adjusting your eye so 1t focuses on the image at the eye's near point. In this 
case, dị = —M (see Fig.25—17a) 1Ý your eye is very near the magnifier. Then the 
obJect distance đ, 1s øiven by 


An. a6. TT. 
dc ƒ dc ƒ N 


W© see from this equation that đ„ = ƒN/(ƒ + N) < ƒ, as shownïn Fig.25-17a, 
since W/(ƒ + N) must be less than 1. With 0' = h/d„ the magnification is 


: h/d 
1... 

6 h/N 

1 1 1 
_ = + 
X(,) = X +) 
OT 
"-:- eye focused at near point, ); 

LÊN ƒ "vớ N = 25cm for normal eye | bám 


We see that the magnification 1s slightly greater when the eye 1s focused at 1s 
near poinf, as compared to when 1t 1s relaxed. 


A jewelers “loupe.” An 8§-cm-focal-length 
converging lens 1s used as a “Jeweler”s loupe,” which 1s a magnifying glass. Esti- 
mate (ø) the magnification when the eye is relaxed, and (5) the magnification 1f 
the eye 1s focused at 1ts near point ) = 25 cm. 

APPROACH The magnification when the eye 1s relaxed 1s gIven by Eq. 25-2a. 
'When the eye 1s focused at Ifs near point, we use Eq. 25-2b and we assume the 
lens 1s near the eye. 


SOLUTION (z2) With the relaxed eye focused at infinity, 


MS. s2. can 
Ƒ 8cm 


(b) The magnification when the eye 1s focused at Its near point (NV = 25cm), 
and the lens 1s near the eye, 1s 
NụN 25 


M=1+—>=1+“€ x4. 
? 8 


25-4 Telescopes 


A telescope 1s used to magnify objects that are very far away. In most cases, the 
obJect can be considered to be at inñnmity. 

Galileo, although he did not invent it, developed the telescope into a usable 
and Iimportant Instrument. He was the first to examine the heavens with the 
telescope (Fig. 25-19), and he made world-shaking discoveries, including the 
moons of Jupiter, the phases of Venus, sunspots, the structure of the Moon”s 
surface, and that the Milky Way 1s made up of a huge number of1ndividual stars. 


?Galileo built his first telescope in 1609 after having heard of such an instrument existing in Holland. 
The first telescopes magnified only three to four times, but Galileo soon made a 30-power instrument. 
The first Dutch telescopes date from about 1604 and probably were copies of an Italian telescope 
built around 1590. Kepler (see Chapter 5) gave a ray description (in 1611) of the Keplerian telescope, 
which 1s named for him because he first described it, although he did not build it. 


FIGURE 25-19 (a) Objective lens 
(mounted now ïn an 1vory frame) from 
the telescope with which Galileo 
made his world-shaking discoverles, 
1ncluding the moons of Jupiter. 

(b) Telescopes made by Galileo (1609). 


(b) 
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FIGURE 25-20 Astronomical ©bject af es 
telescope (refracting). Parallel light from 

one point on a distant object (dạ = oœ) 

1s broupht to a focus by the obJective 

lens in its focal plane. This image (I¡) is 

magnified by the eyepiece to form the 

inal image I;. Only two of the rays 

shown entering the obJective are 

standard rays (2 and 3) as described in 


Eig. 23-37. 


jỂ|pnosLEM SOLVING 


Distance betuueen lenses = ƒ, + ƒ, 
for relaxed eye 


FIGURE 25-21 This large refracting 
telescope was built in 1897 and 1s 
housed at Yerkes Observatory in 
'WIisconsin. The obJective lens 1s 

102 cm (40 inches) in diameter, and 
the telescope tube 1s about 19m 
long. Example 25-8. 


Parallel 
rays from 


Objective sả 


Eyeplece 
lens cC° Sứ +€P 


vợ =m=mm=mm=m=m=m=m=== 
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Several types of astronomical telescope exist. The common refracfing type, 
sometimes called Keplerian, contains two converging lenses located at opposife 
ends of a long tube, as illustrated in Hg. 25-20. The lens closest to the obJect 1s 
called the objecfive lens (focal length ƒ,) and forms a real image I¡ of the distant 
object in the plane of 1ts focal poïnt F¿ (or near 1t 1ƒ the object 1s not at infinity). 
The second lens, called the eyepiece (focal length ƒ,), acts as a magnifler. That 1s, 
the eyeplece magnifies the Iimage l¡ formed by the objective lens to produce 
a second, greatly magnified image, I;, which 1s virtual and Inverted. If the view- 
Ing eye 1s relaxed, the eyepiece 1s adJusted so the image l¿ 1s at infinity. Then the 
real Image Ï¡ 1s at the focal poimt F¿ of the eyepiece, and the distance between the 
lenses 1s ƒQ + ƒ, for an object at Infinity. 

To find the total angular magnification of this telescope, we note that the 
angle an object subtends as viewed by the unaided eye 1s Just the angle Ø sub- 
tended at the telescope objective. From Fig. 25-20 we can see that Ø0 & h/ƒQ, 
where 1s the height of the Image I¡ and we assume Ø 1s small so that tan Ø % 6Ø. 
Note, too, that the thickest of the three rays drawn in Fig. 25—20 1s parallel to the 
axIs before 1t strikes the eyeplece and therefore 1s refracted through the eyeplece 
focal point F, on the far side. Thus, Øˆ ~ /ƒ, and the total magnifying power 
(that 1s, angular magnification, which 1s what is always quoted) of this telescope 1s 


Ø (h/ƒ.) ⁄ telescope 


M = = =— tnng 
magnification 


0 (h/R) f 
where we used Eq.23—1 and we Inserted a minus sign to indicate that the Image 1s 


Iinverted. To achieve a large magnification, the obJective lens should have a long 
focal length and the eyepiece a short focal length. 


Telescope magnification. The largest optical refracting 
telescope 1n the world 1s located at the Yerkes Observatory 1n WIsconsin, 
Fig. 25—21. It 1s referred to as a “40-inch” telescope, meaning that the diameter of 
the obJective 1s 40 In., or 102 cm. The obJective lens has a focal length of 19 m, 
and the eyeplece has a focal length of 10 cm. (2) Calculate the total magnifying 
power of this telescope. (b) Estimate the length of the telescope. 
APPROACH Equation 25—3 gives the magnification. The length of the telescope 
1s the distance between the two lenses. 
SOLUTION (2) From Eq. 25-3 we find 

Tò 19m 


M=-”?=_— = —190X. 
Ễ 0.10m k 


(b) For a relaxed eye, the Image I¡ 1s at the focal point of both the eyepiece and the 
oblective lenses. The distance between the two lenses 1s thus ƒ¿ + ƒy ~ 19m, 
which 1s essentially the length of the telescope. 


| (25-3) 
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EXERCISE D A 40x telescope has a 1.2-cm focal length eyepiece. What ¡is the focal 
length of the objJective lens? 


For an astronomical telescope to produce bright Images of faint stars, the 
obJective lens must be large to allow in as much light as possible. Indeed, the diam- 
eter of the obJective lens (and hence I(s “light-gathering power”) Is an Iimportanf 
parameter for an astronomncal telescope, which 1s why the largest ones are specified 
by giving the objective diameter (such as the 10-meter Keck telescope in Hawali). 
The construction and grinding of large lenses 1s very difficult. Therefore, the 
largest telescopes are reflecfing telescopes which use a curved mirror as the objec- 
tive, Fig. 25-22. A mirror has only one surface to be ground and can be supported 
along is entire surface” (a large lens, supported at its edges, would sag under its 
own weiphf). Often, the eyeplece lens or mirror (see Eig. 25-22) 1s removed so 
that the real image formed by the obJective mirror can be recorded directly on 
film or on an electronic sensor (CCD or CMOS, Section 25—1). 


Concave mirror 
(obJective) 


Parallel 
rays from Secondary ê 
distant TITTOF 


VỊ 
obJect Eyeplece 


Eyeplece <ƒ'{= 


(a) (b) 
FIGURE 25-22 A concave mirror can be used as the objective of an astronomical telescope. Arrangement (a) 1s called the 
Newtonian focus, and (b) the Casseprainian focus. Other arrangements are also possible. (c) The 200-inch (mirror diameter) 
Hale telescope on Palomar Mountain in California. (d) The 10-meter Keck telescope on Mauna Kea, Hawaii. The Keck 
combines thirty-six 1.8-meter six-sided mirrors Into the equivalent of a very large single reflector, 10 m in diameter. 


(d) 


A terrestrial (elescope, for viewing obJects on Earth, must provide an upright 
Image—seeing normal objects upside down would be difficult (much less important 
for viewing stars). Two designs are shown in Fig. 25-23. The Galilean type, which 
Galileo used for his great astronomical discoveries, has a diverging lens as eye- 
plece which Intercepts the converging rays from the obJective lens before they reach 
a focus, and acts to form a virtual upright image, Fig. 25-23a. Thịs design 1s still 
used In opera glasses. The tube 1s reasonably short, but the field of view 1s small. 
The second type, shown In Eig. 25—23b, 1s often called a spyglass and makes use 
of a third convex lens that acfs to make the image upright as shown. A spyglass 
must be quite long. The most practical design today 1s the prism binocular which 
was shown In Fig. 23-28. The obJective and eyeplece are converging lenses. The 
prisms reflect the rays by total internal reflection and shorten the physical s1ze of 
the device, and they also act to produce an upright image. One prism reinverfs 


the1 inth tical pl the other In the hor1zontal plane. 
eImage In the vertical plane, the other In the hor1zontal plane FIGURE 25-23 Terrestrial 


telescopes that produce an upripht 
image: (a) Galilean; (b) spyglass, or 
©rector type. 


Final Image (virtual) 
<< Final image (virtual) Si SY 
: *»> 


~— 
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?Another advantage of mirrors is that they exhibit no chromatic aberration because the light doesn't 
pass through them; and they can be ground Into a parabolic shape to correct for spherical aberration 
(Section 25—6). The reflecting telescope was first proposed by Newton. 
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25-5 Compound Microscope 


@® PHYSICS APPLIED The compound microscope, like the telescope, has both objJective and eyeplece 
Aicroscopes (or ocular) lenses, Fig. 25-24. The design is different from that for a telescope 

because a microscope 1s used to view obJects that are very close, so the obJect 

đistance 1s very small. The obJect 1s placed Just beyond the objective”s focal point 

as shown 1n Eig. 25—24a. The image I¡ formed by the obJective lens 1s real, quite 

FIGURE 25-24 Compound microscopc: far from the objective lens, and much enlarged. The eyepIece 1s positioned so that 


(a) ray diagram, (b) photograph this image 1s near the eyepiece focal point F¿. The image l¡ is magnified by the 


(iIlumination comes from below, eyepIece Into a very large virtual Image, l;, which 1s seen by the eye and 1s 
outlined in red, then up through the  Immverted. Modern microscopes use a third “tube” lens behind the obljective, but 
slide holding the sample or object). we wIll analyze the simpler arrangement shown 1n Eig. 25—24a. 
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: „““ The overall magnification of a microscope 1s the product of the magnifica- 
TT. tions produced by the two lenses. The image I¡ formed by the objective lens 1s 
ki a factor „ greater than the object Itself. From Eig. 25—-24a and Eq. 23—9 for the 
2 


magnification of a simple lens, we have 
ho đa uc 
” hạ đọ đọ 
where đ¿ and đ; are the object and image distances for the objective lens, £ is the 
distance between the lenses (equal to the lenpth of the barrel), and we ipnored 
the minus sign In Eq. 23—9 which only tells us that the Image 1s inverted. We set 
dị =  — ƒ,, which is exact only If the eye is relaxed, so that the Imaøe I; is at the 
eyepIece focal point F„. The eyepiece ac(s like a simple magmifler. [Ý we assume that 
the eye 1s relaxed, the eyepiece angular magnification M, is (from Eq. 25-2a) 


(25-4) 


Bh SỐ. (25-5) 


where the near poIint N = 25 cm for the normal eye. Since the eyepiece enlarges 
the Image formed by the obJective, the overall angular magnification M is the 
product of the magnification of the obJective lens, z„, times the angular magni- 
fication, Ä⁄„, of the eyeplece lens (Eqs. 25—4 and 25—S5): 


— N\(t-É microscope 
LIỀN IV l ƒ lÍ đọ ... (Srpe) 
NỈ 
_ [and ƒ, < #] (25-6b) 


The approximation, Eq. 25—6b, 1s accurate when ƒ, and ƒ are small compared to £, 
so £— ƒ, + ƒ, and the object is near Fqso đ¿ + ƒ„ (Fig. 25-24a). This is a good 
approxImation for large magnifications, which are obtained when ƒ, and ƒ, are 
very small (they are in the denominator of Eq. 25-6b). To make lenses of very 
short focal length, compound lenses involving several elements must be used to 


avoid serIous aberrations, as discussed In the next Section. 
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Microscope. A compound microscope consisfs of a 10% 
eyepiece and a 50% oblective 17.0 em apart. Determine (2) the overall magnIfi- 
cation, (b) the focal leneth of each lens, and (c) the position of the object when the 
final image 1s in focus with the eye relaxed. Assume a normal eye, so  = 25 em. 


APPROACH The overall magnification 1s the product of the eyepiece magnifica- 
tion and the obJective magnification. The focal length of the eyeplece 1s found 
from Eq. 25-2a or 25-5 for the magnification of a simple magnifler. For the 
oblective lens, 1t is easier to next find đ¿ (part c) using Eq. 25-4 before we find ƒ,. 


SOLUTION (2z) The overall magnification 1s (10<)(50X) = 500X. 
(b) The eyepiece focal lenpth ¡s (Eq. 25-5) ƒe = N/ắM, = 25 cm/10 = 2.5 em. 
Next we solve Eq. 25-4 for đ„, and find 
!U — ƒ, (17.0cm — 2.5cm) 
ọ 50 
Then, from the thin lens equation for the objective with đ¡ = f — ƒ¿ = 14.5cm 
(see Fig. 25—-24a), 
1 _ 1 + 1 - 1 # 1 
HÀ đ đ 0.29 cm 14.5 em 
sö ƒ, = 1/(3.52cm”') = 028cm. 
(c) We just calculated đ„ = 0.29 cm, which 1s very close to ƒ,. 


đ =_ 0.29cm. 


= 3.52cm":; 


25~—6 Aberrations of Lenses and Mirrors 


In Chapter 23 we developed a theory of image formation by a thin lens. We found, 
for example, that all rays from each poInt on an oblJect are brought to a single 
point as the Image point. This result, and others, were based on approximations for 
a thi lens, mainly that all rays make small angles with the axis and that we can 
use sinØ + 6Ø. Because of these approximaftions, we expect deviations from the @® PHYSICS APPLIED 
simple theory, which are referred to as lens aberrations. There are several types of Lens aberrations 
aberration; we will briefly discuss each of them separately, but all may be present 
at one time. 

Consider an object at any point (even at inlnity) on the axis of a lens with & 
spherical surfaces. Rays from this point that pass through the outer reglons of the 
lens are brought to a focus at a different point from those that pass throuph the 
center of the lens. Thịs 1s called spherical aberratfion, and 1s shown exaggerated in 
Hig. 25-25. Consequently, the image seen on a screen or film wIll not be a point | 
but a tiny circular patch of light. If the sensor or film 1s placed at the point C, as 
indicated, the circle will have its smallest diameter, which 1s referred to as the FIGURE 25-25 Spherical aberration 
circle of least confusion. Spherical aberration is present whenever spherical (exaggerated). Circle of least confusion 
surfaces are used. It can be reduced by using nonspherical (= aspherical) lens ¡satC. 
surfaces, but grinding such lenses 1s difficult and expensive. Spherical aberration 
can be reduced by the use of several lenses in combination, and by using primarily 
the central part of lenses. 

For obJect points off the lens axis, additional aberrations occur. Rays passing 
through the different parts of the lens cause spreading of the Image that 1s 
noncircular. There are two effects: eoma (because the Image oÝ a poinf is comet- 
shaped rather than a tiny circle) and off-axis astigmatism.' Furthermore, the 
1mage points for obJects off the axIs but at the same distance from the lens do not 
fall on a flat plane but on a curved surface—that ¡s, the focal plane 1s not flat. (We 
expect this because the points on a flat plane, such as the film In a camera, are not 
equidistant from the lens.) This aberration is known as curvafure of field and 1s 
a problem 1n cameras and other devices where the sensor or film 1s a flat plane. 
In the eye, however, the retina 1s curved, which compensates for this effect. 


TAlthough the effect is the same as for astigmatism in the eye (Section 25-2), the cause is different. 
Off-axis astigmatism ïs no problem in the eye because objects are clearly seen only at the fovea, on 
the lens axis. 
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Another aberration, disfortfion, 1s a result of variation of magnification at 
different distances from the lens axIs. Thus a straight-line object some distance 
from the axis may form a curved 1mage. A square grid of lines may be distorted 
to produce “barrel distortion,” or “pincushion distortion,” Eig.25—26. The former 
1S common 1n extreme wide-angle lenses. 


FIGURE 25-26 Distortion: lenses may Image 

a square grid of perpendicular lines to AXiS 
produee (a) barrel distortion or (b) pincushion 

distortion. These distortions can be seen in the 

photograph of Fig. 23—31d for a simple lens. (a) (b) 


FIGURE 25-27 Chromatic 
aberration. Different colors are 
focused at different points. 
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AlI the above aberrations occur for monochromatic light and hence are 
referred to as ?+onochromatic aberrafions. Normail light 1s not monochromatic, 
and there will also be chromatic aberration. This aberration arises because of 
disperslon—the variation of index of refraction of transparent materilals with 
wavelength (Section 24-4). For example, blue light is bent more than red light by 
glass. So 1f white light 1s Iincident on a lens, the different colors are focused at 
different points, Fig. 25-27, and have slightly different magnifications resulting in 
colored fringes in the Image. Chromatic aberration can be eliminated for any two 
colors (and reduced greatly for all others) by the use of two lenses made of 
different materials with đifferent indices oÝ refraction and dispersion. Normally 
one lens 1s converging and the other diverging, and they are offten cemented 
together (Fig. 25-28). Such a lens combination 1s called an achromatic doublet 
(or “color-corrected” lens). 

To reduce aberrations, high-quality lenses are compound lenses consisting of 
many simple lenses, referred to as elementfs. A typical high-quality camera lens 
may contain six to eipht (or more) elements. For simplicity we will usually indi- 
cate lenses 1n điaprams as 1ƒ they were simple lenses. 

The human eye 1s also subJect to aberrations, but they are minimal. Spherical 
aberration, for example, is minimized because (1) the cornea is less curved at the 
edges than at the center, and (2) the lens is less dense at the edges than at the center. 
Both effects cause rays at the outer edges to be bent less strongly, and thus help 
to reduce spherical aberration. Chromatic aberration 1s partially compensated for 
because the lens absorbs the shorter wavelengths appreciably and the retina 1s less 
sensitive to the blue and violet wavelengths. This 1s Just the reglon of the spectrum 
where dispersion—and thus chromatic aberration—Is øreatest (Fig. 24—14). 

Spherical mirrors (Section 23-3) also suffer aberrations including spherical 
aberration (see Fig.23—13). Mirrors can be pround In a parabolic shape to correcf 
for aberrations, but they are much harder to make and therefore very eXpensIve. 
Spherical mirrors do not, however, exhibit chromatic aberration because the 
light does not pass through them (no refraction, no dispersion). 


25—Z7 Limits of Resolution; 
Circular Apertures 


The ability of a lens to produce distinct Images of two point oblJects very cÏose 
together 1s called the resolufion of the lens. The closer the two images can be and 
still be seen as distinct (rather than overlapping blobs), the higher the resolution. 
The resolution of a camera lens, for example, 1s often specified as so many dofs Or 
lines per millimeter, as mentioned in Section 25-1. 
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Two princripal factors limit the resolution of a lens. The ñirst 1s lens aberrations. 
As we just saw, because of spherical and other aberrations, a point obJecf 1s not a 
point on the image but a tiny blob. Careful design of compound lenses can reduce 
aberrations sipnificantly, but they cannot be eliminated entirely. The second factor 
that limits resolution 1s đ/ƒfracf#on, which cannot be corrected for because 1t 1s a 
natural result oŸ the wave nature of light. We điscuss 1t now. 

In Section 24—5, we saw that because light travels as a wave, light from a poInt 
Source passing throuph a sÏit is spread out Into a diffraction pattern (Figs. 24—19 
and 24-21). A lens, because it has edges, acts like a round slit. When a lens forms 
the Image of a point object, the Image 1s actually a tiny diffraction pattern. Thus 
an iémage tuould be blurred euen iƒ aberrations tuere absemI. 

In the analysis that follows, we assume that the lens 1s free of aberraflons, so we 
can concentrate on diffraction effects and how much they limit the resolution of a 
lens. In Fig. 24-21 we saw that the diffraction pattern produced by light passing 
throuph a rectangular slit has a central maximum in which most of the light falls. Thĩs 
central peak falls to a minimum on either side 0Ÿ 1ts center at an angle Ø given by 

sinØ = À/D 
(this is Eq. 24-3a), where 7 ¡s the slit width and À the wavelength of light used. Ø 1s 
the angular half-width of the central maximum, and for small angles (in radians) 
can be written 


There are also low-intensity fringes beyond. 

For a lens, or any circular hole, the Image of a point obJect will consist oŸ a 
circular central peak (called the đ/fraction spot or Airy đisk) surrounded by faint 
circular fringes, as shown In Eig. 25-29a. The central maximum has an angular 
half-width given by 

le 1.22À 
ng 

where 7Ö is the diameter of the circular opening. [This is a theoretical result for a 
perfect circle or lens. For real lenses or circles, the factor 1s on the order of 1 to 2.] 
This formula differs from that for a slit (Eq. 24—3) by the factor 1.22. This factor 
appears because the width of a circular hole is not uniform (like a rectangular slit) 
but varles from i(s diameter D to zero. A mathematical analysis shows that the 
“average” width is 2/1.22. Hence we get the equation above rather than Eq. 24-3. 
The Intensity of light in the diffraction pattern from a point source of light passing 
throuph a circular opening 1s shown 1n Fig. 25—30. The Image for a non-poinf source 
1S a SIDeTpOSiflon of such patterns. For most purposes we need consider only the 
central spot, since the concentric rings are so much dimmer. 

T two point obJects are very close, the diffraction patterns of their Images 
wIll overlap as shown 1n Eig. 25—29b. As the obJects are moved cÏoser, a separation 
1s rẳeached where you cant tell ïf there are two overlapping images or a single Image. 
The separation at which this happens may be Judged differently by different obser- 
vers. However, a generally accepted criterion 1s that proposed by Lord Rayleigh 
(1842-1919). This Rayleigh criterion states that 0o images are just resoluable tohen 
the center oƒ the diffraction đisk oƒ one image is directly ouer the first mininum In 
the djffacHon pattern öƒ the other. Thĩs 1s shown 1n Eig. 25-31. Since the first 
minimum 1s at an angle 9 = 1.22À/D from the central maximum, Fig. 25-31 
shows that two obJects can be considered jsí resoloable 1Ÿ they are separated by 
at least an angle Ø given by 


1.22À 2 points just resolvable; 

"... É In radians | lnng 
In this equation, Ð is the diameter of the lens, and applies also to a mirror 
điameter. This 1s the limit on resolution set by the wave nature of light due to 
diffraction. A smaller angle means better resolution: you can make out cÏoser 
obJects. We see from Eq. 25—7 that using a shorter wavelength À can reduce Ø and 
thus Increase resolution. 


Ø = 
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FIGURE 25-29 Photographs of 
images (greatly magnified) formed by 
a lens, showing the diffraction pattern 
Of an image for: (a) a sinegle point 
object; (b) two point objects whose 
1mages are barely resolved. 


Intensity 
_1/22A 0 122A 0 
D D 


FIGURE 25-30 Intensity of lipht 
across the diffraction pattern of a 
circular hole. 


FIGURE 25-31 The Rayleigh criterion. 
Two Images are just resolvable when 
the center of the diffraction peak of 
one Is directly over the first minimum 
1n the diffraction pattern of the other. 
The two point objects O and O” 
subtend an angle Ø at the lens; only 
one ray (it passes through the center 
of the lens) is drawn for each object, 
to Indicate the center of the 


diffraction pattern of 1ts image. 
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Hubble Space Telescope. The Hubble Space Telescope 
(HST) is a reflecting telescope that was placed in orbit above the Earth”s 
atmosphere, so 1s resolution would not be limited by turbulence 1n the atmosphere 
(Fig. 25-32). Its objective diameter is 2.4m. For visible lipht, say À = 550nm, 
estimate the improvement In resolution the Hubble offers over Earth-bound 
telescopes, which are limited in resolution by movement of the Earth's atmosphere 
to about half an arc second. (Each degree is divided into 60 minutes each 
containing 60 seconds, so 1° = 3600 arc seconds.) 


APPROACH Angular resolution for the Hubble is given (in radians) by Eq.25—7. 
The resolution for Earth telescopes 1s g1ven, and we first convert 1t to radians so 
Wwe€ can compare. 


SOLUTION Earth-bound telescopes are limited to an angular resolution of 


1( 1 \°(2z m) -š 
4= = 2.4 x 105rad. 
1m) 360° „= 


The Hubble, on the other hang, 1s limited by diffraction (Eq. 25-7) which for 
À = 550nm 1s 


FIGURE 25-32 Hubble Space 
'Telescope, with Earth in the 
background. The flat orange panels 
are solar cells that collect energy 
from the Sun to power the 
equIipment. 


122A  1⁄22(550 x 10m) 
x = = 2.8 x 10 ”rad 
: D 24m diện: 


thus giving almost ten times better resolution (2.4 x 10 °rad/2.8 x 10 ”rad 9X). 


EXAMPLE 25-11 ( ESTIMATE | Eye resolution. You are in an airplane at an 


altitude of 10,000 m. TỶ you look down at the ground, estimate the mininum 
separation s between obJectfs that you could distinguish. Could you count cars in 
a parking lot? Consider only diffraction, and assume your pupIÏ 1s about 3.0 mm 
in diameter and À = 550 nm. 

APPROACH We use the Rayleiph criterion, Eq. 25-7, to estimate 0. The 
separation s of objectsis s = f0, where # = 10m and 0isin radians. 


SOLUTION In Eq.25—7, we set D = 3.0mm for the opening of the eye: 


1.22À 
= j0 = ƒ 
S 0 D 


€@ÒpHvysics APPLIED 
Hot t0ell the eye can see 


(1.22)(550 x 10 ”m) 
3.0 x 10m 


= (10m) =. ĐH, 
Yes, you could Just resolve a car (roughly 2m wide by 3 or 4m long) and so 
could count the number of cars in the lot. 


EXERCISE E Someone claims a spy satellite camera can see 3-cm-high newspaper head- 
lines from an altitude of 100 km. Tf diffraction were the only limitation (À = 550nm), 
use Eq. 25—7 to determine what diameter lens the camera would have. 


25—8 Resolution of Telescopes and 
Microscopes; the À Limit 


You might think that a microscope or telescope could be designed to produce 
any desired magnification, depending on the choice of focal lengths and quality 
Of the lenses. But this is not possible, because of diffraction. An increase In 
magnification above a certain point merely results in magnification of the diffrac- 
tion patterns. This can be highly misleading since we might think we are seeing 
details of an object when we are really seeing details of the diffraction pattern. 
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To examine this problem, we apply the Rayleigh criterion: two objects (or twO 
nearby poinfs on one objecf) are Just resolvable 1Ÿ they are separated by an angle 9 
(Eig. 25-31) given by Eq.25—7: 

1.22À 


D 


Thịs formula 1s valid for either a microscope or a telescope, where 7? is the diam- 
eter of the obJective lens or mirror. For a telescope, the resolution 1s specified 
by sfating Ø as given by this equation. 


Telescope resolution (radio wave vs. visible light). 
'What 1s the theoretical minimum angular separation of two stars that can Just be 
resolved by (2z) the 200-inch telescope on Palomar Mountain (Fig.25-22c); and 
(b) the Arecibo radiotelescope (Fig. 25—33), whose điameter is 300 m and whose 
radius of curvature 1s also 300m. Assume À = 550nm for the visible-light 
telescope In part (2), and À = 4cm (the shortest wavelength at which the radio- 
telescope has operated) In part (Ð). 


APPROACH We apply the Rayleigh criterion (Eq. 25—7) for each telescope. 

SOLUTION (2z) With D = 200ïn. = 5.1m, we have from Eq. 25—7 that 

12A  (122)(550%x 10 ”m) 
D ~ (5.1m) 


0 = = 1.3 x 10 ”rad, 
or 0.75 x 10" deg. (Note that this is equivalent to resolving two points less 
than 1 em apart from a distance of 100 km!) 


(b) For radio waves with À = 0.04m emitted by stars, the resolution 1s 


1.22)(0.04m 
0 = ( )( )- 1.6 x 10 *rad. 
(300 m) 


The resolution 1s less because the wavelength 1s so much larger, but the larger 
obJective collects more radiation and thus detects fainter obJects. 


NOTE In both cases, we determined the limit set by diffraction. The resolution 
for a visible-light Earth-bound telescope 1s not this good because of aberrations 
and, more Importantly, turbulence 1n the atmosphere. In fact, large-diameter objec- 
ftives are not Justified by increased resolution, but by their greater light-gathering 
ability——they allow more light In, so fainter obJects can be seen. Radiotelescopes 
are not hindered by atmospheric turbulence, and the resolution found ín (b) 1s 
a øgood estimate. 


FOTr a microscOpe, 1f 1s more convenient to specify the actual distance, s, 
between two poinfs that are just barely resolvable: see Fig. 25-31. Since obJecfs 
are normally placed near the focal point of the microscope objective, the angle 
subtended by two objects is Ø = s/ƒ, so s = ƒØ. lfÝ we combine this with 
Eq. 25—7, we obtain the resolying power (RP) of a microscope 


1⁄22Àƒ 


RP=s= /0= 
ẩ /ƒ0 D 


[microscope]| (25-8) 


where ƒ 1s the objective lens” focal length (not frequency) and 7) its diameter. The 
distance s ¡is called the resolving power of the lens because 1t is the minimum 
separation of two obJect points that can just be resolved——assuming the highest 
quality lens since this limit 1s imposed by the wave nature of light. A smaller RP 
means better resolution, better detaIl. 


TEarth-bound telescopes with large-diameter objectives are usually limited not by diffraction but by 
other effects such as turbulence In the atmosphere. The resolution of a high-quality microscope, on 
the other hand, normally ¡s limited by diffraction; microscope objectives are complex compound 
lenses containing many elements of small diameter (since ƒis small), thus reducing aberrations. 


FIGURE 25-33 The 300-meter 
radiotelescope In ArecIbo, Puerto 
Rico, uses radio waves (Fig.22—8) 
Iinstead of visible light. 
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Why large-diameter objecti0es 
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Wauelength limils resolition 


Diffraction setfs an ultimate limit on the detanl that can be seen on any obJect. 
In Eq. 25-8 for the resolving power oÝ a microscope, the focal length of the lens 
cannot practically be made less than (approximately) the radius of the lens (= 2/2), 
and even that 1s very difficult (see the lensmaker”s equation, Eq. 23-10). In this 
best case, Eq. 25-8 gives, with ƒ ~ D/2, 
À 


RP x ~: 25-9 
2 (25-9) 


Thus we can say, to withimn a factor of2 or so, that 


lí is not possible to resolvye detail of objecfs smaller than the wavelength of 
the radiafion beiïng used. 


Thịs 1S an Important and useful rule of thumb. 

Compound lenses in microscopes are now designed so well that the actual 
limit on resolution 1s often set by diffraction——that 1s, by the wavelength of the 
lipht used. To obtain øreater detail, one must use radiation of shorter wavelength. 
The use of UV radiation can increase the resolution by a factor of perhaps 2. Ear 
more Iimportant, however, was the discovery 1n the early twentieth century that 
electrons have wave properties (Chapter 27) and that their wavelengths can be 
very small. The wave nature of electrons 1s utilized In the electron microscope 
(Section 27-9), which can magnify 100 to 1000 times more than a visible-lipht 
Tnicroscope because of the much shorter wavelengths. X-rays, too, have very short 
wavelengths and are often used to study objects in preat detail (Section 25—11). 


25-9 Resolution of the Human Eye 
and UIseful Magnification 


The resolution of the human eye 1s limited by several factors, all of rouphly the 
same order of magnitude. The resolution 1s best at the fovea, where the cone 
spacing is smallest, about 3 m (= 3000 nm). The diameter of the pupil varies 
from about 0.1 em to about 0.8m. So for À = 550nm (where the eye”s sensi- 
tivity is greatest), the điffraction limit is about Ø  1.22ÀA/D x 8 x 10 ”rad to 
6 x 10”?rad. The eye is about 2 cm long, giving a resolving power (Eq. 25-8) of 
s (2x 10?m)(8 x 10 "rad) ~ 2m at best, to about 10 m at worst (pupil 
small). Spherical and chromatic aberration also limit the resolution to about 10 m. 
The net result 1s that the eye can Just resolve objects whose angular separation 1s 
around 


5 x 10 'rad. best TP | 
resolution 


Thịs corresponds to obJects separated by 1 cm at a distance of about 20 m. 

The typical near point of a human eye 1s about 25 cm. At this distance, the 
eye can just resolve objects that are (25cm)(5 x 10 *#rad) 10 *m = ipmm 
apart.” Since the best light microscopes can resolve objects no smaller than about 
200 nm at best (Eq. 25-9 for violet light, À = 400nm), the useful magnification 
[=E (resolution by naked eye)/(resolution by microscope)] 1s limited to about 


10m ~ 500% maximum useful 
200 x 109m ` ' microscope magmification 


In practice, magnifications of about 1000X are often used to minim1ize eyestran. 
Any greater magnification would simply make visible the diffraction pattern pro- 
duced by the microscope obJective lens. 


EXERCISE F Return to the Chapter-Opening Question, page 713, and answer it again 
now. Try to explain why you may have answered differently the fñirst time. 


TA nearsighted eye that needs —8 or —10 D lenses can have a near point of 8 or 10 em, and a higher 
resolution up close (without glasses) of a factor of 23 or 3, or + ssmm 40 m. 
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#25 ]Ö Specialty Microscopes and Contrast 


AlI the resolving power a microscope can attain will be useless 1ƒ the obJect to be 
seen cannot be distinguished from the background. The difference in brightness 
between the image of an obJect and the image of the surroundings 1s called contrast. 
Achieving high contrast 1s an important problem 1n microscopy and other forms 
Of1maging. The problem arises 1n biology, for example, because cells consist largely 
of water and are almost uniformly transparent to light. We now briefly discuss 
two speclal types of microscope that can Increase contrast: the Interference and 
phase-confrast microscopes. 

An interference microscope makes use of the wave properties of light in a 
direct way to Increase contrast in a transparent obJect. Consider a transparent 
obJect—say, a bacterium In water (Fig. 25-34). Coherent light enters uniformly 
from the left and 1s in phase at all points such as a and b. If the obJectf 1s as trans- 
parent as the water, the beam leaving at d wIll be as bright as that at c. There will 
be no conftrast and the object will not be seen. However, 1f the obJect”s refractive 
1ndex 1s slightly different from that of the surrounding medium, the wavelength 
within the object wIll be altered as shown. Hence light waves at points c and d 
wIll differ in phase, 1f not 1n amplitude. The 1nterference microscope changes this 
difference in phase into a difference of amplitude which our eyes can detect. Lipht 
that passes through the sample 1s superimposed onto a reference beam that does 
not pass through the object, so that they interfere. One way of doïng this is shown 
1n Eig. 25-35. Light from a source 1s splif into two equal beams by a half-silvered 
mirror, MS¡. One beam passes through the object, and the second (comparison 
beam) passes through an identical system without the object. The two meet again 
and are superposecd by the half-silvered mirror MS; before entering the eyeplece 
and eye. The path length (and amplitude) of the comparison beam ïs adjustable so 
that the background can be dark; that 1s, full destructive Interference occurs. Lipht 
passing throuph the object (beam bdin Eig. 25-34) wIll also interfere with the com- 
parIson beam. But because of 1ts different phase, the Interference wIll not be 
completely destructive. Thus 1t wIll appear brighter than the background. Where the 
object varies In thickness, the phase difference between beams ac and bd in Hig.25—34 
wIll be different, thus affecting the amount of Interference. Hence 0ariation in the 
thickness öoƒ the obJect t0Hl appear as 0ariations in brightness in the image. 

A phase-confrast microscope also makes use of Interference and differences 
in phase to produce a high-contrast Image. Contrast 1s achieved by a circular 
glass phase pÏafe that has a groove (or a raised portion) in the shape of a ring, 
positioned so undeviated source rays pass throupgh 1t, but rays deviated by the 
obJect do not pass throuph this ring. Because the rays deviated by the obJect travel 
through a different thickness of glass than the undeviated source rays, the two can 
be out of phase and can Interfere destructively at the obJect image plane. Thus the 
image of the object can contrast sharply with the background. Phase-contrast 
microscope Imases tend to have “halos” around them (as a result of diffraction from 
the phase-plate opening), so care must be taken in the interpretation of Images. 


25-Il] X-Rays and X-Ray Diffraction 


In 1895,W. C. Roentgen (1845—1923) discovered that when electrons were accel- 
erated by a high voltage in a vacuum tube and allowed to strike a glass or metal 
surface inside the tube, fluorescent minerals some distance away would glow, and 
photographic film would become exposed. Roentgen attributed these effects to 
a new type of radiation (different from cathode rays). They were given the name 
X-rays after the algebraic symbol x, meaning an unknown quantity. He soon found 
that X-rays penetrated through some materials better than through others, and 
within a few weeks he presented the first X-ray photograph (of his wife's hand). 
The production of X-rays today is usually done in a tube (Eig. 25-36) similar to 
Roentgen”s, using voltages of typically 30 kV to 150 kV. 
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X-Rays and X-Ray Diffraction 
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FIGURE 25-34 Object—say, 
a bacterium——in a water solution. 


@ÒPHvsics APPLIED 
lmierƒerence microscope 


FIGURE 25-35 Diapram of an 
I1nferference microscope. 
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FIGURE 25-36 X-ray tube. Electrons 
emitted by a heated filament in a vacuum 
tube are accelerated by a high voltage. 
'When they strike the surface of the 
anode, the “target,” X-rays are emitted. 
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FIGURE 25-37 This X-ray 


diffraction pattern is one of the first 


observed by Max von Laue In 1912 
when he aimed a beam of X-rays at 


a zinc sulfñde crystal. The diffraction ** X-Ray Diffraction 
pattern was detected directly on a Xã nan đc Ga 


photographic plate. 


a crysfal. 


FIGURE 25-39 X-rays can be 


diffracted from many possible planes 


withm a crystal. 
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FIGURE 25-38 X-ray diffraction by 
d 
® 


Investigations Into the nature of X-rays 1ndicated they were not charged par- 
ticles (such as electrons) since they could not be deflected by electric or magnetic 
fields. It was suggested that they might be a form of Invisible hpht. However, 
they showed no diffracion or Interference effects using ordinary gratings. 
Indeed, 1f their wavelengths were much smaller than the typical grating spacing 
of 10m (= 10°nm), no effects would be expected. Around 1912, Max von Laue 
(1879—1960) suggested that if the atoms in a crystal were arranged In a regular 
array (see Fig. 13-2a), such a crystal might serve as a diffraction grating for very 
short wavelengths on the order of the spacing between atoms, estimated to be 
about 10 !°m (= 10 !nm). Experiments soon showed that X-rays scattered 
from a crystal did indeed show the peaks and valleys of a diffraction pattern 
(Eig. 25-37). Thus 1t was shown, in a single blow, that X-rays have a wave nature 
and that atoms are arranged in a regular way In crystals. Today, X-rays are 
recognized as electromagnetic radiation with wavelengths in the range of about 
10” nm to 10 nm, the range readily produced in an X-ray tube. 


W©e saw in Sections 25-7 and 25-8 that light of shorter wavelength provides 
øreater resolutlon when we are examining an object microscopically. Since 
X-rays have much shorter wavelengths than visible light, they should in principle 
offer much greater resolution. However, there seems to be no effective mafterial 
to use as lenses for the very short wavelengths of X-rays. Instead, the clever but 
complicated technique of X-ray diffraction (or crysfallography) has proved very 
effective for examining the microscopic world of atoms and molecules. In 
a simple crystal such as NaCIl, the atoms are arranged 1n an orderly cubical 
fashion, Fig. 25-38, with atoms spaced a distance đ apart. Suppose that a beam of 
X-rays 1s Ineident on the crystal at an angle ¿j to the surface, and that the twO rays 
shown are reflected from two subsequent planes of atoms as shown. The t†wO rays 
will constructively 1nterfere 1ƒ the extra distance ray I travels 1s a whole number 
of wavelengths farther than the distance ray II travels. This extra distance 1s 
2đÄsin ở. Therefore, constructive interference will occur when 


mÀ = 2dsinó, mm = 1,2,3,--, (25-10) 


where 7 can be any integer. (Notice that ¿@ 1s zø the angle with respect to the normal 
to the surface.) This ¡s called the Bragg equation after W. L. Bragg (1890—1971), 
who derived ¡it and who, together with his father, W. H. Bragg (1862-1942), 
developed the theory and technique of X-ray diffraction by crystals in 1912—1913. 
TỶ the X-ray wavelength 1s known and the angle ¿ 1s measured, the distance đ 
between atoms can be obtained. This 1s the basIs for X-ray crystallopraphy. 


° 
©® 


°® ® 


EXERCISE G When X-rays of wavelength 0.10 x 10F”m are scattered from a sodium 
chloride crystal, a second-order diffraction peak 1s observed at 21”. What is the spacIng 
between the planes of atoms for this scattering? 


Actual X-ray diffraction patterns are quite complicated. First of all, a crystal 
1S a three-dimensional oblect, and X-rays can be diffracted from different planes 
at different angles within the crystal, as shown 1n FIig. 25-39. Although the analysis 
1S complex, a great deal can be learned from X-ray diffraction about any sub- 
stance that can be put In crystalline form. 
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X-ray diffraction has been very useful in determining the structure of biolog- 
1cally important molecules, such as the double helix structure of DNA, worked 
out by James Watson and Erancis Crick in 1953. See Eig. 25-40, and for models 
of the double helix, Figs. 16-39a and 16-40. Around 1960, the first detailed 
structure of a protein molecule, myoglobin, was elucidated with the aid of X-ray 
diffraction. Soon the structure of an Important consfituent of blood, hemoglobin, 
was worked out, and since then the structures of a great many molecules have 
been determined with the help of X-rays. 


“25-12 X-Ray Imaging and 
Computed Tomography (CT Scan) 


*Normal X-Ray Image 


For a conventional medical or dental X-ray photograph, the X-rays emerging from 
the tube (Fig. 25-36) pass throuph the body and are detected on photographic film, 
a digifal sensor, or a fluorescent screen, Eig. 25—41. The rays travel In very nearly 
straipht lines through the body with minimal deviation since at X-ray wavelengths 
there Is little diffraction or refraction. There 1s absorption (and scattering), how- 
ever; and the difference 1n absorption by different structures in the body 1s what 
Ø1ves rise to the Image produced by the transmrtted rays. The less the absorption, 
the greater the transmission and the darker the film. The Image 1s, In a sense, 
a “shadow” of what the rays have passed through. The X-ray Image 1s nñøf pro- 
duced by focusing rays with lenses as for the Instruments discussed earlier in 
this Chapter. 


*Tomography Images (CT) 

In conventional X-ray Images, a body's thickness 1s projJected onto film or a 
Sensor; structures overlap and In many cases are difficult to distinguish. In the 1970s, 
a revolutionary X-ray technique was developed called computed tomography (CT), 
which produces an Iimage of a sce through the body. (The word tomography 
comes from the Greek: /Ønos = sÏice, graph = picture.) Structures and lesions 
previously impossible to visualize can now be seen with remarkable clarity. The 
principle behind CT is shown in Fig. 25-42: a thin collimated (parallel) beam of 
X-rays passes through the body to a detector that measures the transmitted 
intensity. Measurements are made at a large number of poinfs as the source and 
detector are moved past the body together. The apparatus 1s then rotated slightly 
about the body axis and again scanned; this is repeafted at (perhaps) 1° intervals 
for 1807. The Intensity of the transmitted beam for the many points of each scan, 
and for each angle, 1s sent to a computer that reconstructs the image of the slice. 
Note that the imaged slice 1s perpendicular to the long axIs of the body. For this 
reason, CT is sometimes called eompuferized axial tomography (CAT), although 
the abbreviation CAT, as in CAT scan, can also be read as compufer-assisted 
tomography. 


Video monItor 


Collimator 


SOUrce 
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FIGURE 25-40 X-ray diffraction photo 
of DNA molecules taken by Rosalind 
Franklin in the early 1950s. The cross 
Of spots suggested that DNA 1s a helix. 


đÒpHvysics APPLIED 
Normal ÄX-ray image 


@©cAuTioNn —_ 
Normal ÄX-ray ima§e is 
a sort O0ƒshado+0 
(no lenses are in0olued) 


FIGURE 25-41 Conventional X-ray 
imaging, which 1s essentially 
shadowing. 


X-ray 
SOUTCe 


€@ÒpHvysics APPLIED 
Computed tomography images 
(CT or CAT scans) 


FIGURE 25-42 Tomographic imaging: the 
X-ray source and detector move together 
across the body, the transmitted intensIty 
being measured at a large number of 

points. Then the “source-detector” assembly 
1s rotated slightly (say, 1°) around a vertical 
axIs, and another scan 1s made. This process 
1s repeated for perhaps 180”. The computer 
reconstructfs the image of the slice and If 1s 
presented on a TV or computer monItOr. 
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Detector ring 


FIGURE 25-43 (a) Fan-beam scanner. Bh 

Rays transmitted through the entire - Bà DU 7 bàn nh n 
body are measured simultaneously at Electron ! /, N cành TM đ) 
cach angle. The source and detector SOUTC€ TII ì 


rofate to take measurements at different 


angles. In another type of fan-beam 
scanner, there are detectors around 
the entire 360” of the cirele which 
remain fixed as the source moves. 
(b) In still another type, a beam of 


electrons from a source 1s directed by 


magnetic fields at tungsten targets 
surrounding the patient. 


FIGURE 25-44 TIwo CT images, 
with different resolutions, each 
showing a cross section of a brain. 
Photo (a) 1s of low resolution; 

photo (b), of higher resolution, shows 
a brain tumor, and uses false color to 
hiphlipht it. 


(b) 


¡ Patient table 


X-ray Electron 
SOUTCe 


(a) (b) 


The use of a single detector as 1n Eig. 25-42 would require a few minutes for 
the many scans needed to form a complete Image. Much faster scanners use a fan 
beam, Eig. 25—43a, in which beams passing through the entire cross section of the 
body are detected sinultaneously by many detectors. The source and detectors 
are then rotated about the patient, and an image requires only a few seconds. 
Even faster, and therefore useful for heart scans, are fixed source machines 
wherein an electron beam 1s directed (by magnetic fields) to tunpsten tarpets 
surrounding the patient, creating the X-rays. See FEig. 25—43b. 


*Image Formation 


But how 1s the image formed? We can think of the slice to be imaged as being 
divided into many tíny picture elements (or pixels), which could be squares (as In 
Fig. 24-49). For CT, the width of each pixel is chosen according to the width of 
the detectors and/or the width of the X-ray beams, and this determines the reso- 
lution of the Image, which might be 1mm. An X-ray detector measures the 
1ntensity of the transmitted beam. Subtracting this value from the Intensity of the 
beam at the source yIelds the total absorption (called a “projection”) along that 
beam line. Complicated mathematical techniques are used to analyze all the 
absorption projections for the huge number of beam scans measured (see the 
next Subsection), obtaining the absorption at each pixel and assigning each a 
“ørayness value” according to how much radiation was absorbed. The Image 1s 
made up of tiny spots (pixels) of varying shades of gray. Often the amount of 
absorption 1s color-coded. The colors In the resulting false-color image have 
nothing to do, however, with the actual color of the obJect. The actual Images are 
monochromatic (various shades of gray, depending on the absorption). Only 
®isible light has color; X-rays do not. 

Figure 25-44 illustrates what actual CT images look like. I{ is generally agreed 
that CT scanning has revolution1zed some areas of medicine by providing much 
less invasive, and/or more accurate, diaønosis. 

Computed tomography can also be appled to ultrasound Imaging 
(Section 12-9) and to emissions from radioisotopes and nuclear magnetic 
resonance (Sections 31—8 and 31-9). 


*Tomographic Image Reconstruction 


How can the “grayness” of each pixel be determined even thouph all we can 
mneasure 1s the total absorption along each beam line 1n the slice? It can be done 
only by using the many beam scans made at a great many different angles. Sup- 
pose the image is to be an array of 100 x 100 elements for a total of 10 pixels. 
lf we have 100 detectors and measure the absorption proJections at 100 different 
angles, then we get 10 pieces of information. From this information, an image can 
be reconstructed, but not precisely. If more angles are measured, the reconstruction 
of the Image can be done more accurately. 
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To sugøest how mathematical reconstruction 1s done, we consider a very simple 
case using the iferafive technique (“to Iterate” 1s from the Latin “to repeat”). 
Suppose our sample slice 1s divided Into the simple 2 2 pixels as shown 1n 
Hig. 25-45. The number Inside each pixel represents the amount of absorption by 
the material in that area (say, in tenths of a percent): that 1s, 4 represenfs twIce 
as much absorption as 2. But we cannot directly measure these values—they are 
the unknowns we want to solve for. All we can measure are the proJections——the 
total absorption along each beam line——and these are shown In Eig. 25-45 out- 
side the yellow squares as the sum of the absorptions for the pixels along each 
line at four different angles. These projections (given at the tip of each arrow) are 
what we can measure, and we now want to work back from them to see how close 
we can get to the true absorption value for each pixel. We start our analysis with 
cach pixel being assigned a zero value, Fig. 25—46a. In the Iterative technique, we 
use the proJections to estimate the absorption value 1n each square, and repeat 
for each angle. The angle 1 projections are 7 and 13 (Fig. 25-45). We divide each of 
these equally between therr two squares: each square In the left column of Eig.25—46a 
gets 32 (half of 7), and each square in the right column gets 6; (half of 13). 


7 13 
Angle I 


6 


Angle 2 
(measured) 


14 


(b) 


Next we use the proJections at angle 2. We calculate the difference between the 
measured projections at angle 2 (6 and 14) and the projections based on the pre- 
vious estimate (top row: 3 + 6š = 10; same for bottom row). Then we distribute 
this difference equally to the squares In that row. Eor the top row, we have 


6 — 10 6— 10 


3) + 2 = 1š and 6 + 2 = 4$; 
and for the bottom row, 
14 — 10 14 — 10 
32+ = =5) and Jin nhu... 


These values are Inserted as shown 1n Eig. 25—4óc. Next, the proJection at angle 3 
(= 11), combined with the difference as above, ø1ves 


11—1 11—1 
(upper left) 1; + == =2 and (lowerright) §; + =†= = Ú 
and then for angle 4 we have 
lower left) 53 + -EBE- TC 5 and upperright) 4; + Sômi: IPC 4. 
2 2 PPCT TIỆ 2 2 


The result, shown in Eig. 25—46d, corresponds exactly to the true values. (In real 
sifuations, the true values are not known, which is why these computer tech- 
niques are required.) To obtain these numbers exactly, we used six pieces of 
information (two each at angles 1 and 2, one each at angles 3 and 4). For the 
much larger number of pixels used for actual images, exact values are øgenerally 
not aftained. Many Iteratlons may be needed, and the calculation 1s considered 
sufficlently precise when the difference between calculated and measured 
proJectlons 1s sufficiently small. The above example 1llustrates the “convergence” 
of the process: the first iteration (b to cin Fig. 25-46) changed the values by 2, 
the last iteration (c to đ) by only 3. 


FIGURE 25-45 A simple 2 x 2 
image showing true absorption 
values (inside the squares) and 
measured proJections. 


FIGURE 25-46 Reconstructing the image using projections in an iterative procedure. 


(d) 
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 Summary 


A camera lens forms an image on film, or on an electronic 
sensor (CCD or CMOS) in a digital camera. Lipht ¡is allowed in 
briefly throuph a shutter. The image 1s focused by moving the 
lens relative to the film or sensor, and the ƒ*-síop (or lens 
opening) must be adjusted for the briphtness of the scene and 
the chosen shutter speed. The ƒ-stop 1s defined as the ratio of 
the focal length to the diameter of the lens opening. 

The human eye also adjusts for the available lipht—by 
opening and closing the Iris. It focuses not by moving the lens, 
but by adjusting the shape of the lens to vary 1s focal length. 
The Image 1s formed on the retina, which contains an array of 
receptors known as rods and cones. 

Diverging eyeglass or contact lenses are used fo correct 
the defect of a nearsipghted eye, which cannot focus well on dis- 
tant obJects. Converging lenses are used to correct for defects 
1n which the eye cannot focus on close objects. 

A simple magnifier is a converging lens that forms a virtual 
1image of an oblject placed at (or within) the focal point. The 
angular magnificafion, when viewed by a relaxed normal eye, 1s 


M=Š, 
ƒ 
where ƒ 1s the focal length of the lens and X 1s the near point of 
the eye (25 em for a “normal” eye). 

An astronomical telescope consists of an objective lens or 
mirror, and an eyepiece that magnifies the real Image formed 
by the obJective. The magnificafion is equal to the ratio of the 
objective and eyeplece focal lengths, and the Image 1s Inverted: 


(25-2a) 


(25-3) 


A compound microscope also uses objective and eyeplece 
lenses, and the final Iimage 1s inverted. The total magnification 
1s the product of the magnificatlons of the two lenses and 1s 
approxImately 


= NỊ 
fefo 


where £ is the distance between the lenses, is the near point 
of the eye, and ƒ¿ and ƒc are the focal lengths of obJective and 
©yepIece, respectIvelÌy. 

Microscopes, telescopes, and other optical instruments are 
limited In the formation of sharp images by lens aberrations. 
These Include spherical aberrafion, in which rays passing through 
the edge of a lens are not focused at the same point as those 
that pass near the center; and chromafic aberrafion, in which 
diferent colors are focused at different points. Compound 
lenses, consisting of several elements, can largely correct for 
aberrations. 

The wave nature of lipht also limits the sharpness, or 
resolufion, of images. Because of diffraction, 1t 1s not possible 
to discern detalls smaller than the tuauelength of the radiation 
being used. The useful magnification of a lipht microscope 1s 
limited by diffraction to about 500%. 

[#ZX-rays are a form of electromagnetic radiation of very 
short wavelength. They are produced when high-speed elec- 
trons, accelerated by hiph voltage in an evacuated tube, strike 
a glass or metal target.] 

[ZComputed tomography (CT or CAT scan) uses many 
narrow X-ray beams through a section of the body to construct 
an image of that section.] 


M 


(25-ób) 


 Questions 


1. Why must a camera lens be moved farther from the sensor 
or film to focus on a closer obJect? 

2. Why 1s the depth of field greater, and the Image sharper, 
when a camera lens 1s “stopped down” to a larger ƒ#-number? 
Ignore diffraction. 

3. Describe how difraction affects the statement of Question 2. 
[Himi: See Eq. 24—3 or 25—7.] 

4. Why are bifocals needed mainly by older persons and not 
generally by younger people? 

5. WIII a nearsighted person who wears corrective lenses In 
her ølasses be able to see clearly underwater when wearing 
those glasses? se a diapram to show why or why not. 

6. You can tell whether people are nearsighted or farsiphted 
by looking at the width of 
ther face throuph their 
ølasses. IÝ a person”s face 
appears narrower throuph 
the glasses (Fig. 25-47), 
1s the person farsiphted 
or nearsiphted? Tlry to 
explain, but also check 
experimentally with 
Iriends who wear glasses. 


FIGURE 25-47 
Question 6. 
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7. In attempting to discern distant details, people will some- 
times squint. Why does this help? 

8. Is the image formed on the retina of the human eye upright 
or inverted? Discuss the implications of this for our percep- 
tion of objects. 

9. The human eye 1s much like a camera——yet, when a camera 
shutter is left open and the camera is moved, the image will 
be blurred. But when you move your head with your eyes 
open, you sfill see clearly. Explain. 

10. Reading glasses use converging lenses. A simple magnifler 
1S also a converging lens. Are reading glasses therefore 
magnifiers? Discuss the similariles and differences 
between converging lenses as used for these two different 
pUTpOS€S. 

11. Nearsighted people often look over (or under) their øÌlasses 
when they want to see something small up close, like a cell 
phone screen. Why? 

12. Spherical aberration In a thin lens is minimized 1Í rays are 
bent equally by the two surfaces. If a planoconvex lens 1s 
used to form a real image of an object at Infinity, which 
surface should face the object? se ray diagrams to show 
why. 

13. Explain why chromatic aberratlon occurs for thin lenses 
but not for mITrOrs. 

14. Inexpensive microscopes for children”s use usually produce 
1mages that are colored at the edges. Why? 


15. 


16. 


17. 


18. 


2. 


3. 


5. 


6. 


7. 


Which aberrations present In a simple lens are not presenf 
(or are greatly reduced) in the human eye? 

By what factor can you Improve resolution, other things 
being equal, 1ƒ you use blue light (À = 450 nm) rather than 
red (700 nm)? 

Atoms have diameters of about 10 Ÿcm. Can visible light 
be used to “see” an atom? Explain. 

'Which color of visible light would give the best resolution in 
a microscope? Explain. 


The Iimage of a nearby object formed by a camera lens 1s 

(2) at the lens” focal poïnt. 

(B) always blurred. 

(c) at the same location as the image of an object at 
1nÏnIty. 

(đ) farther from the lens than the lens” focal poïnt. 

What Is a megapixel in a dipital camera? 

(2) A large spot on the detector where the image Is 
focused. 

(b) A special kind of lens that gives a sharper Image. 

(c) A numbser related to how many photographs the 
camera can store. 

(đ) A million light-sensitive spots on the detector. 

(c) A number related to how fast the camera can take 
pICtures. 

'When a nearsighted person looks at a distant obJect throuph 

her glasses, the Image produced by the glasses should be 

(2) about 25 em from her eye. 

(B) at her eye”s far poïnt. 

(c) at her eye's near point. 

(đ) at the far poïnt for a normal eye. 


- The distance from your eye's lens to the retina 1s shorter 


than for a normal eye, you wIll strupsle to see objects that 
are 


(a) nearby. (c) colorful. 
(b) far away. (4) moving fast. 
The Image produced on the retina of the eye 1s 


compared to the obJect being viewed. 

(a) mnverted. (c) sideways. 

(B) upright. (đ) enlarged. 

How do eyeplasses help a nearsiphted person see more 

clearly? 

(a) Diverging lenses bend light entering the eye, so the 
1mage focuses farther from the front of the eye. 

(b) Diverging lenses bend light entering the eye, so the 
1mage focuses closer to the front of the eye. 

(c) Converging lenses bend light entering the eye, so the 
1mage focuses farther from the front of the eye. 

(đ) Converging lenses bend light entering the eye, so the 
1mage focuses closer to the front of the eye. 

(e) Lenses adjust the distance from the cornea to the back 
of the eye. 

'When you closely examine an obJect through a magnifying 

ølass, the magnifying ølass 

(a) makes the object bipger. 

(b) makes the object appear closer than it actually 1s. 

(c) makes the obJect appear farther than 1t actually 1s. 

(đ) causes additional light rays to be emitted by the 
object. 


19. 


20. 


8. 


10. 


11. 


12. 


13. 


For both converging and diverging lenses, discuss how the 
focal length for red light differs from that for violet lipht. 
The 300-meter radiotelescope In Arecibo, Puerto Rico 
(Eig. 25-33), ¡is the world's largest radiotelescope, but 
many other radiotelescopes are also very large. Why are 
radiotelescopes so big? Why not make optical telescopes 
that are equally large? (The largest optical telescopes have 
diameters of about 10 meters.) 


MisConceptual Questions 


1. 


It would be IimpossIble to build a microscope that could 

use visible light to see the molecular structure of a crystal 

because. 

(a) lenses with enough magnification cannot be made. 

() lenses cannot be ground with fine enough precision. 

(c) lenses cannot be placed in the correct place with 
enouph precision. 

(đ) diffraction limits the resolving power to about the size 
of the wavelength of the lipht used. 

(e) More than one of the above is correct. 


Why aren't white-light microscopes made with a magnIfi- 

cation of 30002 

(a) Lenses cant be made large enouph. 

(b) Lenses cant be made small enough. 

(c) Lenses cant be made with short enough focal lengths. 

(đ) Lenses cant be made with long enough focal lengths. 

(e) Diffraction limits useful magnification to several times 
less than this. 


The resolving power oŸ a microscope 1s øreatest when the 
object being observed 1s illuminated by 

(a) ultraviolet light. (c) visible light. 

(5) mfrared light. (đ) radio waves. 


'Which of the following statements Is true? 

(a) A larger-diameter lens can better resolve two distant 
points. 

(5) Red light can better resolve two distant points than 
blue lipht can. 

(c) It1s easier to resolve distant objects than nearer objects. 

(đ) Objects that are closer together are easier to resolve 
than objects that are farther apart. 


'While you are photographing a dog, it begins to move away. 
What must you do to keep 1t in focus? 

(2) Increase the ƒ-stop value. 

(5) Decrease the ƒ#-stop value. 

(c) Move the lens away from the sensor or film. 

(đ) Move the lens closer to the sensor or film. 

(£) None of the above. 


A converging lens, like the type used in a magnifying glass, 

(a) always produces a magnified image (image taller than 
the object). 

() can also produce an imaøge smaller than the object. 

(c) always produces an upripht image. 

(đ) can also produce an inverted image (upside down). 

(e) None of these statementfs are true. 
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MisConceptual Ouestions 


MP] 
For assigned homework and other learning materials, go to MasteringPhysics. _ 


j Problems 


25-1 Camera 
1. ()A properly exposed photograph is taken at ƒ/16 and ips. 


2. 


3 


° 


4. 


What lens opening is required if the shutter speed is ;ủp s? 


(DA television camera lens has a 17-cm focal length and a 
lens diameter of 6.0 cm. What Is its -number? 

() A 65-mm-focal-length lens has ƒ-stops ranging from 
ƒ/1.4 to ƒ/22. What is the corresponding range of lens 
điaphragm diameters? 

( A light meter reports that a camera setting of zjps at 
ƒ/5.6 will give a correct exposure. But the photographer 
wishes to use ƒ/11 to increase the depth of field. What 
should the shutter speed be? 


. H) For a camera equipped with a 55-mm-focal-length lens, 


b 


what is the object distance 1f the image heipht equals the 
obJect height? How far Is the obJect from the image on the 
film? 

(ID A nature photographer wishes to shoot a 34-m-tall tree 
from a distance of 65m. What focal-length lens should be 
used If the image Is to fill the 24-mm height of the sensor? 


. 4) A 200-mm-focal-length lens can be adjusted so that 1t 


1s 200.0 mm to 208.2 mm from the film. For what range of 
obJect distances can it be adJusted? 


. (H) How large 1s the image of the Sun on film used in a 


camera with (2) a 28-mm-focal-length lens, (5) a 50-mm- 
focal-length lens, and (c) a 135-mm-focal-length lens? (đ) If 
the 50-mm lens 1s considered normail for this camera, what 
relative magnification does each of the other two lenses 
provide? The Sun has điameter 1.4 x 105km, and it is 
1.5 x 108km away. 


. (HT) Ifa 135-mm telephoto lens is designed to cover obJect 


10. 


đistances from 1.30 m to œo, over what distance must the 
lens move relative to the plane of the sensor or film? 

(HI) Show that for objects very far away (assume infinity), 
the magnification of any camera lens Is proportional to 1s 
focal length. 


25-2 Eye and Corrective Lenses 
11. () A human eyeball is about 2.0 cm long and the pupil has 


12. 


13. 


14. 


15. 


16. 


a maximum diameter of about 8.0 mm. What 1s the “speed” 
of this lens? 

ID) A person struggles to read by holding a book at arm”s 
length, a distance of 52 cm away. What power of reading 
ølasses should be prescribed for her, assuming they will be 
placed 2.0 cm from the eye and she wants to read at the 
“normal” near point of 25 em? 

(II Reading glasses of what power are needed for a person 
whose near point 1s 125 cm, so that he can read a computer 
screen at 5Š cm? Assume a lens—eye distance of 1.8 cm. 
(II) An eye 1s corrected by a —5.50-D lens, 2.0 cm from the 
eye. (Z) Is this eye near- or farsighted? (b) What 1s this 
eye”s far point without ølasses? 

(II) A person”s right eye can see objects clearly only 1ƒ they 
are between 25cm and 85cm away. () What power of 
confact lens 1s required so that obJects far away are sharp? 
(b) What will be the near point with the lens in place? 
(I) About how much longer is the nearsighted eye in 
Example 25—6 than the 2.0 cm of a normal eye? 
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17. 


18. 


19. 


20. 


21. 


(H) A person has a far point of 14 cm. What power glasses 
would correct this vision 1f the glasses were placed 2.0 em 
from the eye? What power contact lenses, placed on the 
eye, would the person need? 

(II One lens of a nearsiphted person”s eyeglasses has a 
focal length of —26.0 cm and the lens is 1.8cm from the 
eye. If the person switches to contact lenses placed directly 
on the eye, what should be the focal length of the corre- 
sponding contact lens? 

(II) What is the focal length of the eye-lens system when 
viewing an object () at infimty, and (5) 34cm from the 
eye? Assume that the lens—retina distance 1s 2.0 em. 

(HT) The closely packed cones in the fovea of the eye have 
a diameter of about 2 m. For the eye to discern two Imaøes 
on the fovea as distinct, assume that the images must be 
separated by at least one cone that 1s not excited. IÝ these 
1mages are of two point-like objects at the eye”s 25-cm near 
point, how far apart are these barely resolvable obJects? 
Assume the eye”s diameter (cornea-to-fovea distance) is 2.0 cm. 
(HT) A nearsighted person has near and far points of 10.6 
and 20.0 cm, respectively. If she puts on contact lenses with 
power P = —4.00D, what are her new near and far points? 


25-3 Magnifying Glass 
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30. 


(1) What ïs the focal length of a magnifying glass of 3.2 
magnification for a relaxed normal eye? 

(1 What ¡s the magnification of a lens used with a relaxed 
eye 1 1ts focal length 1s 16 cm? 

() A magnifier is rated at 3.5 for a normal eye focusing 
on an Image at the near point. (2) What 1s is focal length? 
(b) What is its focal length if the 3.5 refers to a relaxed eye? 
(II) Sherlock Holmes 1s using an 8§.20-cm-focal-length lens 
as his magnifying glass. To obtain maximum magnification, 
where must the object be placed (assume a normal eye), 
and what wIll be the magnification? 

(TA small insect ïs placed 4.85 em from a +5.00-cm-focal- 
length lens. Calculate (z) the position of the image, and 
() the angular magnification. 

(H) A 3.80-mm-wide bolt is viewed with a 9.60-em-focal- 
length lens. A normal eye views the Image at Its near point. 
Calculate (2z) the angular magnification, (b) the width of 
the image, and (c) the object distance from the lens. 

(TA magnifying glass with a focal leneth of 9.2 cm ¡s used 
to read print placed at a distance of 8.0 em. Calculate (z) the 
position of the image; (b) the angular magnification. 

(HI) A writer uses a converging lens of focal length ƒ = 12 em 
as a magnifying glass to read fine print on his book contract. 
Initially, the writer holds the lens above the fine print so that 
1(s Image 1s at Infinity. To get a better look, he then moves 
the lens so that the Image 1s at his 25-cm near point. How 
far, and in what direction (toward or away from the fine 
prmnt) did the writer move the lens? Assume his eye is 
adjusted to remain always very near the magnifying øÌass. 
(HI A magnifying glass is rated at 3.0% for a normal eye 
that 1s relaxed. What would be the magnification for a 
relaxed eye whose near point is (2) 75 em, and (b) 15 em? 
Explain the differences. 


25-4 Telescopes 

3Í. (1) What is the magnification of an astronomical telescope 

whose obJective lens has a focal length of 82 cm, and whose 

eyeplece has a focal length of 2.8 cm? What is the overall 
length of the telescope when adjusted for a relaxed eye? 

(1 The overall magnification of an astronomical telescope 

1s desired to be 25%. If an objective of 88-cm focal length 1s 

used, what must be the focal length of the eyepIece? What 
1s the overall length of the telescope when adjusted for use 
by the relaxed eye? 

33. (II) A 7.0x binocular has 3.5-cm-focal-length eyepleces. 
What Is the focal length of the obJective lenses? 

34. (II) An astronomical telescope has an objective with focal 
length 75cm and a +25-D eyepiece. What is the total 
masnification? 

35. (II) An astronomical telescope has ifs two lenses spaced 

82.0 cm apart. If the objective lens has a focal length of 

785cm, what Is the magnificaton of this telescope? 

Assume a relaxed eye. 

qI A Galilean telescope adjusted for a relaxed eye 1s 

36.8 cm long. If the obJective lens has a focal length of 

39.0 cm, what 1s the magnification? 

(ID) What is the magnifyineg power of an astronomical tele- 

Scope using a reflecting mirror whose radius 0Ÿ curvature 1s 

6.1 m and an eyeplece whose focal length 1s 2.8 cm? 

38. (II) The Moon”s image appears to be magnified 150X by 

a reflecting astronomical telescope with an eyeplece having 

a focal length of 3.1 cm. What are the focal length and radius 

Of curvature of the main (objective) mirror? 

(H) A 120X astronomical telescope 1s adjusted for a relaxed 

eye when the two lenses are 1.10 m apart. What is the focal 

length of each lens? 

40. (II) An astronomical telescope longer than about 50 cm is 
not easy to hold by hand. Estimate the maximum angular 
magnification achievable for a telescope designed to be 
handheld. Assume 1(s eyepiece lens, 1ƒ used as a magnIfy- 
1ng ølass, provides a magnification of 5 for a relaxed eye 
with near point ý = 25 cm. 

4Í. (HI) A reflecting telescope (Fig. 25-22b) has a radius of 
curvature of 3.00 m for its objJective mirror and a radius of 
curvature of — 1.50 m for Ifs eyepiece mirror. If the distance 
between the two mirrors ¡s 0.90 m, how far In front of the 
eyeplIece should you place the electronic sensor to record 
the image of a star? 

(HI) A 6.5% parr of binoculars has an objective focal length 

Of 26 cm. If the binoculars are focused on an object 4.0m 

away (from the objective), what ¡is the magnification? 

(The 6.5X refers to objects at infinity; Eq. 25-3 holds only 

for objects at infinity and not for nearby ones.) 
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25-5 Microscopes 

43. ( A microscope uses an eyepiece with a focal length of 
1/70 cm. sing a normal eye with a final image at Inữnity, the 
barrel length 1s 17.5 cm and the focal length of the obJective 
lens Is 0.65 em. What is the magnification of the microscope? 

44. () A 720% microscope uses a 0.40-cm-focal-length objective 
lens. If the barrel length 1s 17.5 cm, what 1s the focal length 
of the eyepiece? Assume a normal eye and that the final 
1mage Is at InfinIty. 

45. () A 17-cm-long microscope has an eyepiece with a focal 
length of 2.5 cm and an objective with a focal length of 
0.33 cm. What 1s the approximate magnification? 


46. 


47. 


48. 


49. 


50. 


(H) A microscope has a 14.0X eyepiece and a 60.0% objective 
lens 20.0 em apart. Calculate (2) the total magnification, 
() the focal leneth of each lens, and (c) where the object 
must be for a normal relaxed eye to see If in focus. 

(T) Repeat Problem 46 assuming that the final image 1s 
located 25 cm from the eyeplece (near point of a normal eye). 
(H) A microscope has a 1.8-cm-focal-length eyepiece and a 
0.680-cm objective. Assuming a relaxed normal eye, calcu- 
late (z) the position of the object If the distance between 
the lenses is 14.8 em, and () the total magnification. 

(IH) The eyepiece of a compound microscope has a focal 
length of 2.80 em and the objective lens has ƒ = 0.740 cm. 
Tf an object is placed 0.790cm from the objective lens, 
calculate (z) the distance between the lenses when the 
microscope 1s adjusted for a relaxed eye, and (Đ) the total 
magnIification. 

(HI) An inexpensive instructional lab microscope allows 
the user to select 1s obJective lens to have a focal length 
of 32mm, 15mm, or 3.9mm. It also has two possible 
eyepIeces with magnifications 5 and 15%. Each obJective 
forms a real Image 160 mm beyond 1ts focal point. What 
are the largest and smallest overall magnifications obtain- 
able with this instrument? 


25-6 Lens Aberrations 
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(H) An achromatic lens is made of two very thin lenses, 
placed In contact, that have focal lengths ƒ¡ = —=27.8cm 
and ƒ› = +25.3 em. (2) Is the combination converging or 
diverging? (5) What is the net focal length? 

(HD A planoconvex lens (Fig. 23—31a) has one flat surface 
and the other has  = 14.5 cm. This lens ¡is used to view 
a red and yellow obJect which 1s 66.0cm away from the 
lens. The Index of refraction of the glass Is 1.5106 for red 
light and 1.5226 for yellow light. What are the locations of 
the red and yellow images formed by the lens? [Hm: See 
Section 23—10.] 


25-7 to 25-9 Resolution Limits 
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(ID What is the angular resolution limit (degrees) set by 
difraction for the 100-inch (254-cem mirror diameter) 
Mt.WiIson telescope (À = 560 nm)? 

() What ¡is the resolving power of a microscope 
(A = 550nm) with a 5-mm-diameter objective which has 
ƒ = 9mm? 

(II) Two stars 18 light-years away are barely resolved by a 
66-cm (mirror diameter) telescope. How far apart are the 
stars? Assume À = 550nm and that the resolution 1s 
limited by diffraction. 

(H) The nearest neighboring star to the Sun is about 4 light- 
years away. If a planet happened to be orbiting this star at 
an orbital radius equal to that of the Earth-Sun distance, 
what minimum diameter would an Earth-based telescope”s 
aperture have to be in order to obfain an Image that resolved 
this star-planet system? Assume the lipht emitted by the 
star and planet has a wavelength of 550 nm. 

(H) If you could shine a very powerful flashlight beam 
toward the Moon, estimate the diameter of the beam when 
1t reaches the Moon. Assume that the beam leaves the 
flashlight throuph a 5.0-cm aperture, that its white light has 
an averaøe wavelength of 550nm, and that the beam 
spreads due to diffraction only. 
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(II) The normal lens on a 35-mm camera has a focal length 
of 50.0 mm. ÏIts aperture diameter varies from a maxiInum 
of 25 mm (ƒ/2) to a minimum of 3.0 mm (ƒ/16). Determine 
the resolution limit set by diffraction for (ƒ/2) and (ƒ/16). 
Speclfy as the number of lines per millimeter resolved on 
the detector or film. Take À = 560 nm. 

(HI) Suppose that you wish to construct a telescope that can 
resolve features 6.5 km across on the Moon, 384,000 km 
away. You have a 2.0-m-focal-length objJective lens whose 
điameter is 11.0 cm. What focal-length eyepiece 1s needed 
1 your eye can resolve objects 0.10 mm apart at a distance 
of 25 cm? What is the resolution limit set by the size of the 
objective lens (that is, by diffraction)? se À = 560 nm. 


*25-11 X-Ray Diffraction 


*60. 


(ID) X-rays of wavelength 0.138 nm fall on a crystal whose 
atoms, lying in planes, are spaced 0.285 nm apart. At what 
angle ở (relative to the surface, Fig.25—38) must the X-rays be 
directed 1f the ñrst diffraction maximum 1s to be observed? 


*61. 


*@2. 


(II) Eirst-order Bragg diffraction 1s observed at 23.8” rela- 
tive to the crystal surface, with spacing between atoms of 
0.24 nm. (2) At what angle will second order be observed? 
(b) What ¡s the wavelength of the X-rays? 


(H) If X-ray diffraction peaks corresponding to the first 
three orders ( = 1, 2, and 3) are measured, can both the 
X-ray wavelength À and lattice spacing đ be determined? 
Prove your answer. 


*25-12 Imaging by Tomography 


*63. 


T) (2) Suppose for a conventional X-ray image that the 
X-ray beam consists of parallel rays. What would be the 
magnification of the image? (5) Suppose, Instead, that the 
X-rays come from a poiïnt source (as in Fig. 25-41) that is 
15 cm ïn front of a human body which 1s 25 cm thick, and 
the film is pressed agaInst the person's back. Determine 
and discuss the range of magnifications that result. 


Ï General Problems 


64. 
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66. 


G1. 


68. 


FIGURE 25-48 
Problem 68. 


A pinhole camera uses a tiny pinhole instead of a 
lens. Show, using ray diagrams, how reasonably sharp 
1mages can be formed using such a pinhole camera. In 
particular, consider two point objects 2.0 em apart that are 
1.0m from a 1.0-mm-diameter pinhole. Show that on a 
plece of film 7.0cm behind the pinhole the two obJects 
produce two separate circles that do not overlap. 

Suppose that a correct exposure is zsgs at ƒ/11. Under 
the same conditions, what exposure time would be needed 
for a pinhoïe camera (Problem 64) If the pinhole diameter is 
1.0 mm and the film 1s 7.0 em from the hole? 

An astronomical telescope has a magnification of 7.5. If 
the two lenses are 28 cm apart, determine the focal length 
of each lens. 

(a) How far away can a human eye distinguish two car 
headlights 2.0m apar(? Consider only diffraction effects and 
assume an eye pupil diameter of 6.0 mm and a wavelength 
of 560 nm. (b) What is the minimum angular separation an 
eye could resolve when viewing two sfars, considering only 
diffraction effects? In reality, it 1s about 1“ of arc. Why 1s It 
not equal to your answer 1n (b)? 

Eigure 25-48 was taken from the NIST Laboratory (National 
Institute of Standards and Technology) in Boulder, CO, 
2.0 km from the hiker In the photo. The Sun's Image was 
15 mm across on the film. Estimate the focal length of the 
camera lens (actually a telescope). The Sun has diameter 
1.4 x 10km, and it ¡is 1.5 x 10km away. 
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A 1.0-cm-diameter lens with a focal length of 35 em uses 
blue lipht to image two obJects 1Š m away that are very close 
together. What is the closest those objects can be to each 
other and still be Imaged as separate obJects? 

A movie star catches a reporter shooting pictures of her at 
home. She claims the reporter was frespassing. To prove 
her point, she gIves as evidence the film she seized. Her 
1.65-m height 1s 8.25 mm high on the film, and the focal 
length of the camera lens was 220 mm. How far away from 
the subject was the reporter standing? 

As early morning passed toward midday, and the sunlight 
got more Intense, a photographer noted that, 1ƒ she kept 
her shutter speed constant, she had to change the /ƒnumber 
from ƒ/5.6 to ƒ/16. By what factor had the sunlipht inten- 
SIty Increased during that time? 

A child has a near point of 15 cm. What is the maxinum 
magnification the child can obtain using a 9.5-cm-focal- 
length magnifler? What magnification can a normal eye 
obtain with the same lens? Which person sees more detail? 
A woman can see clearly with her right eye only when 
objects are between 45 cm and 135 cm away. Prescription 
bifocals should have what powers so that she can see 
distant objects clearly (upper part) and be able to read a 
book 25 cm away (Iower part) with her right eye? Assume 
that the glasses will be 2.0 cm from the eye. 

What is the magnifying power of a +4.0-D lens used as a 
magnifler? Assume a relaxed normal eye. 

A physicist lost in the mountains tries to make a telescope 
using the lenses from his reading glasses. They have pOWers 
of +2.0D and +Š5.5D, respectively. (z) What maxinum 
magnification telescope 1s possible? (5) Which lens should 
be used as the eyeplece? 

A person with normal vision adJusts a microscope for a good 
1mage when her eye ¡s relaxed. She then places a camera 
where her eye was. For what object distance should the 
camera be set? Explain. 

A 50-year-old man uses +2.5-D lenses to read a newspaper 
25 cm away. len years later, he must hold the paper 3§ cm 
away to see clearly with the same lenses. What power 
lenses does he need now In order to hold the paper 25 cm 
away? (Distances are measured from the lens.) 
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Two converging lenses, one with ƒ = 4.0cm and the other 
with ƒ = 48 cm, are made Into a telescope. (z) What are 
the length and magnification? Which lens should be the 
eyepiece? (b) Assume these lenses are now combined to 
make a microscope; 1ƒ the magnification needs to be 25X, 
how long would the microscope be? 


An X-ray tube operates at 95 kV with a current of 25 mA 
and nearly all the electron energy goes Iinto heat. I the 
specific heat of the 0.065-kg anode plate is 0.11 kcal/kg : C°, 
what will be the temperature rise per minute 1Ÿ no cooling 
water Is used? (See Fig. 25—36.) 


Human vision normally covers an angle of roughly 40 
horizontally. A “normal” camera lens then ¡is defined as 
follows: When focused on a distant horizontal object which 
subtends an angle of 40, the lens produces an image that 
extends across the full horizontal extent of the camera”s 
light-recording medium (film or electronic sensor). Deter- 
mine the focal length ƒof the “normal” lens for the following 
types of cameras: (z) a 35-mm camera that records Images 
on film 36mm wide; (Ð) a digital camera that records 
1mages on a charge-coupled device (CCD) 1.60 em wide. 


The objective lens and the eyepiece of a telescope are 
spaced 8Š cm apart. If the eyepiece 1s +19 D, what 1s the 
total magnification of the telescope? 


Sam purchases +3.50-D eyeglasses which correct his faulty 
vision to put his near point at 25 cm. (Assume he wears the 
lenses 2.0 em from his eyes.) Calculate (z) the focal length 
of Sam glasses, (b) Sam's near point without ølasses. (c) Pam, 
who has normal eyes with near point at 25 cm, puts on Sams 
ølasses. Calculate Pam”s near point with Sams glasses on. 


Spy planes fly at extremely high altitudes (25 km) to avoid 
1nterception. If theIr cameras are to discern features as 
small as 5 cm, what 1s the minimum aperture of the camera 
lens to afford this resolution? (se À = 580 nm.) 
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X-rays of wavelength 0.0973 nm are directed at an unknown 
crystal. The second diffraction maximum 1s recorded when 
the X-rays are directed at an angle of 21.2” relative to the 
crystal surface. What is the spacing between crystal planes? 
The Hubble Space Telescope, with an objective diameter of 
2.4m, Is viewing the Moon. Estimate the minimum distance 
between two objects on the Moon that the Hubble can 
distinguish. Consider diffraction of light with wavelength 
550 nm. Assume the Hubble 1s near the Earth. 

The Earth and Moon are separated by about 400 < 10m. 
When Mars is 8 < 1019 m from Earth, could a pe€rson stand- 
ng on Mars resolve the Earth and its Moon as two separate 
objects without a telescope? Assume a pupil điameter of 
5 mm and À = 550nm. 

You want to design a spy satellite to photograph license 
plate numbers. Assuming 1 1s necessary to resolve poInfs 
separated by 5 cm with 550-nm lipht, and that the satellite 
orbits at a height of 130 km, what minimum lens aperture 
(diameter) 1s required? 

Given two 12-cm-focal-length lenses, you attempt to make 
a crude microscope using them. While holding these lenses 
a distance 55 cm apart, you position your microscope so 
that its objective lens 1s distance đạ from a small object. 
Assume your eye's near point ) = 25 em. (2) For your micro- 
scope to function properly, what should đo be? (5) Assuming 
your eye 1s relaxed when using 1t, what magnification Ä⁄ 
does your microscope achieve? (c) Since the leneth of your 
microscope 1s not much greater than the focal lengths oŸ its 
lenses, the approximation Ä⁄ ~ NÉ/ƒ, ƒ„ 1s not valid. If you 
apply this approximation to your microscope, what % error 
do you make In your microscope”s true magnification? 
The power of one lens in a palr of eyeplasses Is —3.5 D. 
The radius of curvature of the outside surface 1s 16.0 cm. 
'What is the radius of curvature of the inside surface? The 
lens 1s made of plastic with m = 1.62. 
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Digital cameras may offer an optical zoom or a digifal zoom. 
An optical zoom uses a variable focal-length lens, so only 
the central part of the field of view fills the entire sensor; 
a dipital zoom electronically ¡ncludes only the central 
pIxels of the sensor, so obJecfs are larger In the final picture. 
Discuss which 1s better, and why. 


Which of the following statements ¡is true? (See 
Section 25-2.) Write a brief explanation why each 1s true 
or false. (2) Contact lenses and eyeglasses for the same 
person would have the same power. (b) Farsighted people 
can see far clearly but not near. (c) Nearsighted people 
cannot see near or far clearly. (2) Astigmatism ïn vision 1s 
corrected by using different spherical lenses for each eye. 


Redo Examples 25-3 and 25—4 assuming the sensor has 
only 6 MP. Explain the different results and their impact 
on finished photographs. 


ANSWERS TO EXERCISES 


A: 6.3 m. 
B: 33 dots/mm. 
C: P = —-4.0D. 
D: 4S cm. 


4. 


`: 


Describe at least four advantages oŸ using mirrors rather 
than lenses for an astronomical telescope. 

An astronomical telescope, Fig. 25—20, produces an Inverted 
1mage. One way to make a telescope that produces an upright 
1mage 1s to Insert a third lens between the objective and 
the eyeplece, Fig. 25—23b. To have the same magnification, 
the non-inverting telescope will be longer. Suppose lenses 
of focal length 150cm, 1.5cm, and 10cm are available. 
Where should these three lenses be placed to make a 
non-inverting telescope with magnification 1002 


‹ Mizar, the second star from the end of the Big Dipper”s 


handle, appears to have a companion star, Alcor. From Earth, 
Mizar and Alcor have an angular separatlon of 12arc 
minutes (1 are min = ¿; of 1°). Using Examples 25—10 and 
25-11, estimate the angular resolution of the human eye 
(in arc min). From your estimate, explain If these two sfars 
can be resolved by the naked eye. 


E: 2m. 
E: (c) as stated on page 732; (c) by the À rule. 
G: 0.28 nm. 
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A sclence fantasy book called Mr Tompkins in Wonderland (1940), by physicist George Gamow, 
imagined a world in which the speed of light was only 10 m/s (20 mi/h). Mr Tompkins had 
studied relativity and when he began “speeding” on a bicycle, he “expected that he would be 
1mmedliately shortened, and was very happy about 1t as his Increasing figure had lately caused him 
some anxiety. To his great surprise, however, nothing happened to him or to his cycle. On the 
other hand, the picture around him completely changed. The streets grew shorter, the windows 
of the shops began to look like narrow sÏits, and the policeman on the corner became the thinnest 


man he had ever seen. “By Jove!" 
exclaimed Mr Tompkins excitedly, 
“I see the trick now. Thịs is where 
the word relafuify comes In.`” 
Relativity does indeed predict 
that objects moving relative to us 
at hiph speed, close to the speed 
Of lipht c, are shortened in 
length. We don't notice 1t as 
Mr Tompkins did, because 
c= 3x 10Ẻm/s isincredibly 
fast. We will study length 
contraction, time đilation, 
simultaneity non-agreement, and 
how energy and mass are 
equivalent (E = mc?). 
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The Special Theory 
oÍ Relativity 


CHAPTER-OPENING QUESTION——Guess now! 
A rocket 1s headed away from Earth at a speed of 0.80c. The rocket fires a small 
payload at a speed of 0.70c (relative to the rocket) aimed away from Earth. How 
fast 1s the payload moving relative to Earth? 

(a) 1.50c; 

(b) a little less than 1.50c; 

(c) a little Over c; 

(đ) a little under c; 

(e) 0.75c. 


øreat progress. The theories developed over the preceding three cenfuries 

had been very successful in explaining a wide range of natural phenomena. 
Newtonian mechanics beautifully explained the motion of obJects on Earth and 
in the heavens. Furthermore, It formed the basis for successful treatments of 
fluids, wave motion, and sound. Kinetic theory explained the behavior oŸ øases 
and other materials. Maxwell's theory of electromagnetism embodied all of electric 
and magnetic phenomena, and 1t predicted the existence of electromagnetic 
waves that would behave Just like light—so light came to be thought oŸ as an 
electromagnetic wave. Indeed, 1t seemed that the natural world, as seen through 
the eyes of physicists, was very well explained. A few puzzles remained, but 1t 
was felt that these would soon be explained using already known principles. 


D hysics at the end of the nineteenth century looked back on a period of 


Tt dịd not turn out so simply. Instead, these puzzles were to be solved only by 
the Iintroduction, in the early part of the twentieth cenftury, of two revolutionary 
new theorIes that changed our whole conception of nature: the /eory ðoƒ relafiuily 
and quantum theory. 

Physics as it was known at the end of the nineteenth century (what we”ve 
covered up to now ĩn this book) 1s referred to as classical physics. The new 
physics that grew out of the great revolution at the turn of the twentieth century 
1s now called modern physics. In this Chapter, we present the special theory of 
relativity, which was first proposed by Albert Einstein (1879—1955; Fig. 26—1) in 
1905. In Chapter 27, we Iintroduce the equally momenfous quantum theOry. 


FIGURE 26-1 Albert Einstein 
(1879—1955), one of the great minds 
of the twenfieth century, was the 
creator of the special and general 
theorles of relatIvIty. 


26—-] Galilean-Newtonian Relativity 


Einstein's special theory of relativity deals with how we observe evenfs, particu- 
larly how objects and events are observed from different frames of reference. 
Thịs subject had already been explored by Galileo and Newton. 

The special theory of relativity deals with events that are observed and meas- 
ured from so-called inertial reference frames (Section 4-2 and Appendix C), 
which are reference frames In which Newton”s first law 1s valid: If an obJect 
experiences no net force, the obJect either remains af rest or continues in moftion 
with constant speed in a straight line. It 1s usually easiest to analyze events when 
they are observed and measured by observers at rest in an Inertial frame. The 
Earth, thouph not quite an ¡inertial frame (it rotafes), 1s close enough that for 
mOSf purposes we can approximate 1t as an inertial frame. Rotating or otherwise 
accelerating frames of reference are noninertial frames," and won”t concern us in 
this Chapter (they are dealt with in Einstein”s general theory of relativity, as we 
wIll see in Chapter 33). 

A reference frame that moves with constant velocity with respect to an 
1nertial frame 1s 1fself also an inertial frame, since Ñewton”s laws hold In 1t as well. 
When we say that we observe or make measurements from a certain reference 
frame, 1t means that we are at rest in that reference frame. 


TA reference frame is a set of coordinate axes fixed to some object such as the Earth, a train, or the 
Moon. See Section 2-1. 
?On a rotating platform (say a merry-go-round), for example, a ball at rest starts moving outward 


even though no object exerts a force on it. This 1s therefore not an inertial frame. See Appendix C, 
Fig. C-I1. 
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Reference frame = car 


FIGURE 26-2 A coin ¡is dropped by 
a person In a moving car. The upper 
views show the moment of the coin”s 
release, the lower views are a short 
time later. (a) In the reference frame 
of the car, the coin falls straipht down 
(and the tree moves to the left). 

(b) In a reference frame fixed on the 
Earth, the coin has an Initial velocity 
(= to car”s) and follows a curved 
(parabolic) path. 


€Â©CAUTION 
Latus are the same, but 
paths may be different in difƒferent 
reference [rames 


SÊŠ*CAUTION 


Length and time interuals 
are absolute (pre-relatiuify) 


$*CAUTION 
Position and 0elocity are diƒfƒerent in 
different reference frames, but length 
is the same (classical) 
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(b) 
Reference frame = Earth 


Both Galileo and Ñewton were aware of what we now call the relafivity principle 
applied to mechamics: that /he basic lat0s öƒ physics are the same ïn all inertial 
reference ƒrames. You may have recognIzed 1s validity in everyday life. For 
example, objects move In the same way in a smoothly moving (constant-velocity) 
tran or airplane as they do on Earth. (This assumes no vibrations or rocking 
which would make the reference frame noninertial.) When you walk, drink a 
cup of soup, play pool, or drop a pencil on the floor while traveling In a train, 
airplane, or ship moving at constant velocity, the obJects move ]Just as they do 
when you are at rest on Earth. Suppose you are in a car traveling rapidly at 
consftant velocity. If you drop a coin from above your head inside the car, how 
wIll it fall? It falls straight downward with respect to the car, and hits the floor 
directly below the point of release, Eig. 26—2a. Thịs 1s Just how obJects fall on the 
Earth—straight down——and thus our experiment In the moving car 1s In accord 
with the relativity principle. (If you drop the coin out the car”s window, this won'f 
happen because the moving air drags the coin backward relative to the car.) 

Note In this example, however, that to an observer on the Earth, the con fol- 
lows a curved path, Eig. 26—2b. The actual path followed by the com 1s different 
as viewed from different frames of reference. This does not violate the relativity 
principle because this principle states that the 72s of physics are the same 1n 
all inertial frames. The same law o gravity, and the same laws of motion, apply in 
both reference frames. The acceleration of the coin 1s the same 1n both reference 
frames. The difference 1n Flgs. 26—2a and b 1s that 1n the Earth's frame of reference, 
the coin has an initial velocity (equal to that of the car). The laws of physics there- 
fore predict it will follow a parabolic path like any projectile (Chapter 3). In the 
car”s reference frame, there 1s no Initial velocity, and the laws of physics predict 
that the coin wIll fall straight down. The laws are the same 1n both reference frames, 
although the spectfic paths are different. 

Galilean-Newtonian relativity involves certain unprovable assumptions that 
make sense from everyday experience. Ït is assumed that the lengths of obJects 
are the same 1n one reference frame as In another, and that time passes at the 
same rafe 1n different reference frames. In classical mechanics, then, space and 
time Intervals are considered to be absolufe: their measurement does not change 
from one reference frame to another. The mass of an object, as well as all forces, 
are assumed to be unchanged by a change In inertial reference frame. 

The position of an object, however, 1s different when specified In different 
reference frames, and so 1s velocity. For example, a person may walk inside a bus 
toward the front with a speed of 2 m/s. But ¡f the bus moves 10 m/s with respect 
to the Earth, the person is then moving with a speed of 12 m/s with respect to the 
Earth. The acceleration of an oblject, however, 1s the same In any Inertial 
reference frame according to classical mechanics. This 1s because the change In 
velocity, and the time Interval, will be the same. For example, the person 1n the 
bus may accelerate from 0 to 2 m/s in 1.0 seconds, so ø = 2 m/s” in the reference 
frame of the bus. With respect to the Earth, the acceleration 1s 


(12m/s — 10m/s)/(10s) = 2m/%ĩ, 
which 1s the same. 


Since neither #; 7, nor a changes from one Inertial frame to another, Ñewton”s 
second law, Ƒ = a, does not change. Thus Newtons' second law satisfles the relaftIvity 
primciple. The other laws of mechanics also satIsfy the relativIty princIple. 

That the laws of mechanics are the same In all inertial reference frames 
implies that no one Inertial frame 1s special in any sense. We express this 
Important conclusion by saying that all inertial reference frames are equivalentf 
for the description of mechanical phenomena. No one inertial reference frame 1s 
any better than another. A reference frame fixed to a car or an aircraft traveling 
at constant velocIfty 1s as øood as one fixed on the Earth. When you travel 
smoothly at constant velocIty 1n a car or airplane, 1t 1s just as valid to say you are 
at rest and the Earth is moving as it is to say the reverse.' There is no experiment 
you can do to tell which frame 1s “really” at rest and which 1s moving. Thus, there 
1S no Way fo single out one parficular reference frame as being at absolute rest. 

A complication arose, however, In the last half of the nineteenth century. 
Maxwell's comprehensive and successful theory of electromagnetism (Chapter 22) 
predicted that light 1s an electromagnetic wave. Maxwell's equations gave the 
velocity of light c as 3.00 x 10Ÿm/s; and this is just what ¡is measured. The 
question then arose: in what reference frame does light have precisely the value 
predicted by Maxwell's theory? It was assumed that light would have a different 
specd In different frames of reference. For example, If observers could travel 
on a rocket ship at a speed of 1.0 x 10Ÿm/s away from a source of light, we 
might expect them to measure the speed of the light reaching them to be 
(3.0 x 10Ÿm/s) — (1.0 x 10Ÿm/s) = 2.0 x 10Ÿm/s. But Maxwells equations 
have no provision for relative velocity. They predicted the speed of light to be 
c = 3.0 x 10°m/s, which seemed to imply that there must be some preferred 
reference frame where c would have this value. 

We discussed in Chapters 11 and 12 that waves can travel on water and along 
TOp€S OT sfrings, and sound waves travel in air and other materials. NÑineteenth- 
century physIcists viewed the material world in terms of the laws of mechanIcs, so 
1t was natural for them to assume that light too must travel In some 7£dium. 
They called this transparent medium the ether and assumed it permeated all space. 
It was therefore assumed that the velocity of lipht given by Maxwell's equations 
must be with respect to the ether.Ÿ 

Sclenfists soon set out to determine the speed of the Earth relative to this 
absolute frame, whatever 1t might be. A number of clever experiments were 
designed. The most direct were performed by A. A. Michelson and E. W. Morley 
1n the 188S0s. They measured the difference In the speed of light In different 
directions using Michelson”s interferometer (Section 24-9). They expected to find 
a difference depending on the orlentation of their apparatus with respect to the 
ether. For Just as a boat has different speeds relative to the land when 1t moves 
upstream, downstream, or across the stream, so too lipht would be expected to 
have different speeds depending on the velocity of the ether past the Earth. 

Strange as 1t may seem, they detected no difference at all. This was a great 
puzzle. A number of explanations were put forth over a period of years, but they 
led to contradictions or were otherwise not øenerally accepted. This nuÏl resulf 
was one of the great puzzles at the end of the nineteenth century. 

Then in 1905, Albert Einstein proposed a radical new theory that reconciled 
these many problems 1n a sinple way. But at the same time, as we shall see, 1t 
completely changed our 1deas of space and time. 


ỨWe use the reasonable approximation that Earth is an inertial reference frame. 


*The medium for light waves could not be air, since light travels from the Sun to Earth through nearly 
empty space. Therefore, another medium was postulated, the ether. The ether was not only trans- 
parent but, because of difficulty in detecting 1t, was assumed to have zero density. 

ŠAlso, it appeared that Maxwell' equations đid zøf satisfy the relativity principle: They were simplest 
in the frame where c = 3.00 x 10Ÿm/s, ¡in a reference frame at rest in the ether. In any other 
reference Írame, extra terms were needed to account for relative velocity. Although other laws of 
physics obeyed the relativity principle, the laws of electricity and magnetism apparently did not. 
Einstein*s second postulate (next Section) resolved this problem: Maxwell's equations do satisfy 
relafIVIty. 
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RELATIVITY PRINCIPLE 


SPEED OFLIGHT PRINCIPLE 


26-2 Postulates of the 
Special Theory of Relativity 


The problems that existed at the start of the twentieth century with regard to 
electromagnetic theory and Newtonian mechanics were beautifully resolved by 
Einstein”s introduction of the special theory of relativity in 1905. Unaware of the 
Michelson-Morley null result, Einstein was motivated by certain questions 
regarding electromagnetic theory and light waves. For example, he asked himself: 
“What would I see 1f I rode a lght beam?” The answer was that Instead oŸ a trav- 
eling electromagnetic wave, he would see alternating electric and magnetic fields 
at rest whose magnitude changed In space, but did not change In time. Such fields, 
he realized, had never been đetected and indeed were not consistent with Maxwell's 
electromagnetic theory. He argued, therefore, that It was unreasonable to think 
that the speed of light relative to any observer could be reduced to zero, or 1n fact 
reduced at all. This Idea became the second postulate of his theory of relafIvIty. 
In his famous 1905 paper, Einstein proposed doing away with the idea of the 
ether and the accompanying assumption of a preferred or absolute reference frame 
at rest. This proposal was embodied In two postulates. The first was an extension 
of the Galilean-Newtonian relativity principle to include not only the laws of 
mechanics but also those of the rest of physics, including electricity and magnetism: 


EFirst postulate (the relatiuify principle): The laws of physics have the same 
form ïn all inertial reference frames. 


The first postulate can also be stated as: fhere ¡s no experimenf you can do In an 
mertial reference frame to determine Iƒ you are at rest or moUing uniƒformly at 
constant velocity. 

The second postulate 1s consistent with the first: 


Second postulate (constancy oƒ the specd oƒ ligh0): Light propagates throuph 
empfy space with a definifte speed c independent of the speed of the source or 
observer. 


These two postulates form the foundation of Einstein”s special theory of relativity. 
Tt 1s called “special” to distinguish 1t from his later “general theory of relativity,” 
which deals with noninertial (accelerating) reference frames (Chapter 33). The 
special theory, which 1s what we discuss here, deals only with Inertial frames. 

The second postulate may seem hard to accept, for 1t seems to violate common 
sense. First of all, we have to think of light traveling through empty space. Giving 
up the ether 1s not too hard, however, since 1t had never been detected. But the 
second postulate also tells us that the speed of light in vacuum 1s always the same, 
3.00 < 10 m/s, no matter what the speed of the observer or the source. Thus, a per- 
son traveling toward or away from a source of light will measure the same speed 
for that light as someone at rest with respect to the source. This conflicts with our 
everyday experience: we would expect to have to add n the velocity of the observer. 
On the other hand, perhaps we can't expect our everyday experlence to be 
helpful when dealing with the high velocity of lipht. Furthermore, the null result of 
the Michelson-Morley experiment is fully consistent with the second postulate. 

Einstein”s proposal has a certain beauty. By doing away with the idea of an 
absolute reference frame, 1t was possible to reconcile classical mechanics with 
Maxwell's electromagnetic theory. The speed of light predicted by Maxwell”s 
equations ¡s the speed of light in vacuum 1n øy reference frame. 

Eimstein”s theory required us to ø1ve up common sense noflons of space and 
time, and 1n the following Sections we will examine some strange but interesting con- 
sequences of special relativity. Qur arguments for the most part will be simple ones. 


The Michelson-Morley experiment can also be considered as evidence for the first postulafte, since it 
was intended to measure the motion of the Earth relative to an absolute reference frame. Ifs failure 
to do so implies the absence of any such preferred frame. 
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We will use a technique that Einstein himself did: we wIll imagine very simple 
experimental situations 1n which little mathematics 1s needed. In this way, we can 
see many of the consequences of relativity theory without getting involved In 
đetailed calculations. Einstein called these thought experiments. 


26-3 Simultaneity 


An Iimportant consequence of the theory of relativity 1s that we can no longer 
regard time as an absolute quantity. Ño one doubts that time flows onward and 
never turns back. But according to relativity, the time 1nterval between fwo 
events, and even whether or not two evenfs are sinultaneous, depends on the 
observer”s reference frame. By an event, which we use a lot here, we mean some- 
thing that happens at a particular place and at a particular time. 

Two evenfts are said to occur simultaneously 1ƒ they occur at exactly the same 
time. But how do we know 1ƒ two evenfs occur precisely at the same time? TỶ they 
OCcur at the same point 1n space——such as two apples falling on your head at the 
same time—1t 1s easy. But 1f the two evenfs occur at widely separated places, 1t 1s 
more difficult to know whether the events are simultaneous since we have to take 
1nfo account the time 1t takes for the light from them to reach us. Because lipht 
travels at finite speed, a person who sees two evenfs must calculate back to fnd 
out when they actually occurred. For example, 1 two events are obserued to 
Occur at the same time, but one actually took place farther from the observer 
than the other, then the more distant one must have occurred earlier, and the two 
evenfs were not simultaneous. 


FIGURE 26-3 A moment after 
\ ° ¿ lightning strikes at points A and B, the 
A B pulses of light (shown as blue waves) 
are traveling toward the observer O, 
but O “sees” the lightning only when 
the light reaches O. 


Light coming from 
the two evenfs 
at A and B 


'We now Iimagine a simple thought experiment. Assume an observer, called O, 
1S located exactly halfway between points A and B where two evenfs OccCur, 
Fig.26—3. Suppose the two events are lightning that strikes the points A and B, as 
shown. For brief events like lightning, only short pulses of light (blue In 
Fig. 26-3) wIll travel outward from A and B and reach O. Observer O “sees” the 
events when the pulses of light reach point O. lfthe two pulses reach O at the site 466Sil tr (aYfOssaee tiSEOi 
same time, then the two evenfts had to be simultaneous. This 1S Decause (0) the two is moving to the right. (b) O; says 
light pulses travel at the same speed (postulate 2), and (ï) the distance OA_ thạt O; is moving to the left. Both 
equals OB, so the time for the light to travel from A to O and from B to Ô mu§št viewpoints are legitimate: it all 
be the same. Observer O can then definitely state that the two evenfs occurred  depends on your reference frame. 
simultaneously. On the other hand, if O sees the light from one event before that 


FIGURE 26-4 Observers O¡ and O;, 
on two đifferent trains (two different 
reference frames), are moving with 


from the other, then the former event occurred first. Illl| O¡s -iiniss 
The question we really want to examine 1s this: 1Ý two evenfs are simultaneous Kết iÈH 

to an observer 1n one reference frame, are they also simultaneous to another || O2s ll 

observer moving with respect to the first? Let us call the observers O¡ and O; (a) "¬ 

and assume they are fixed in reference frames 1 and 2 that move with speed œ 

relative to one another. These two reference frames can be thought oŸ as two —t te 

rockets or two trains (Eig. 26—4). O¿ says that O¡ 1s moving to the ripght with speed 0, ÌÌÌ Tôi KH: 

as 1n Eig. 2ó-4a; and O¡ says O; 1s moving to the left with speed , asin Hg.26-4b. _ =>: Hrrrr 

Both viewpoints are lepitimate according to the relativity principle. [There 1s no ni n. T111 

P Ề 5 yP P E 
third point of view that wïll tell us whích one 1s “really” moving.] (b) 
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NÑow suppose that observers O¡ and O; observe and measure two liphtning 
strikes. The hghtning bolts mark both trains where they strike: at A; and B¡ on 
O¡'s tram, and at A; and B; on O;°s train, Fig.26—5a. For simplicity, we assume that 
O¡ 1s exactly halfway between A; and B;, and O; 1s halfway between A; and B;. 
Let us first put ourselves in O;”s reference frame, so we observe O¡ moving to the 
ripht with speed ø. Let us also assume that the two evenfs OcCur s/wlaneousỈy 1n Ö+”s 
frame, and Just at the instant when O¡ and O; are opposite each other, Fig.26—5a. 
A short time later, Fig. 26—5b, light from A› and from B; reach O; at the same time 
(we assumed this). Since O; knows (or measures) the distances O;A; and O;B; 
as equal, Ó; knows the two evenfs are simultaneous 1n the Ö; reference frame. 


FIGURE 26-5 Thoupht experiment on simultaneity. In both 

(a) and (b) we are in the reference frame of observer Os, 

who sees the reference frame of O¡ moving to the right. n 
In (a), one lightning bolt strikes the two reference frames at Ụ 
Ai and Aa, and a second lipghtning bolt strikes at Bị and Bạ. 
(b) A moment later, the light (shown ïn blue) from the two 
even(s reaches Ô› at the same time. So according to 
observer O;, the two bolts of lightning struck simultaneously. () 

But in OÔ¡”s reference frame, the light from Bị has already 

reached O¡, whereas the light from A; has not yet reached O¡. Ai l O¿ Bị 


.© 
Ö„ 
Si 


EH 


<! 


So in Ô¡”s reference frame, the event at Bị must have 
preceded the event at A:. Simultaneity in time 1s not 
absolute. 


LÌ 


(b) 

But what does observer O¡ observe and measure? From our (O;) reference 
frame, we can predict what O¡ wiIll observe. We see that O¡ moves to the right 
during the time the lipht is traveling to O¡ from A¡ and B¡. As shownn Hg. 26—5b, 
we can see from our O; reference frame that the lipght from Bị has already 
passed O¡, whereas the light from A; has not yet reached O¡. That 1s, OÓ¡ observes 
the light coming from Bị before observing the lipht coming from A;. Given 
() that lipht travels at the same speed c in any direction and in any reference 
frame, and (1) that the distance O¡ A; equals O;B;, then observer O¡ can only 
conclude that the event at B¡ occurred before the event at A¡. The two evenfs are 
noí simultaneous for O¡, even though they are for O;. 

We thus find that two events which take place at different locafions and are 
simultaneous to one observer, are actually not simultaneous fo a second observer 
who moves relative to the first. 

lt may be tempting to ask: “Which observer 1s right, O¡ or O;?” The answer, 
according to relativity, 1s that they are boíh right. There 1s no “best” reference 
frame we can choose to determine which observer 1s ripht. Both frames are 
equally good. We can only conclude that sửultaneify ¡is not an abDsoÏUufe conCe€pI, 
but 1s relative. We are not aware of this lack of apreement on simultaneity In 
everyday hife because the effect is noticeable only when the relative speed of the 
two reference frames Is very larøe (near c), or the distances involved are very large. 


26-—4 Time Dilation and the Twin Paradox 


The fact that two events sinultaneous to one observer may not be simultaneous 
to a second observer suggesfs that time 1tselfis not absolute. Could it be that time 
passes differently in one reference frame than 1n another? Thịs 1s, indeed, Just what 
Einstein”s theory of relativity predicts, as the following thought experiment shows. 

Figure 26-6 shows a spaceship traveling past Earth at hiph speed. The point 
OÝ view of an observer on the spaceship is shown ïn part (a), and that of an observer 
on Earth in part (b). Both observers have accurate clocks. The person on the space- 
ship (Fig. 26-6a) flashes a light and measures the time ït takes the light to travel 
directly across the spaceship and return after reflecting from a mirror (the rays are 
drawn at a slipht angle for clarity). In the reference frame of the spaceship, the 
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Mirror 


—9—¬ 


Light 

SOUTC€ 
(4) ReceiVer  Clocktimer FIGURE 26-6 Time dilation can be 
shown by a thoupht experiment: the 
time It takes for lipht to travel across 
a spaceship and back 1s longer for the 
observer on Earth (b) than for the 
observer on the spaceship (a). 


—b—— 


(b) lÌ Earth 


light travels a distance 2) at speed c, Eig. 26—6a; so the time required to øO acrOSS 
and back, Afạ, 1S 
2D 


Äjy ST” 
ọ € 


The observer on Earth, Eig. 2ó-6b, observes the same process. But to this 
observer, the spaceship 1s moving. So the light travels the diagonal path shown 
going across the spaceship, reflecting off the mirror, and returning to the sender. 
Although the light travels at the same speed to this observer (the second postulate), 
1t travels a øreafer distance. Hence the time required, as measured by the observer 
on Earth, will be grearer than that measured by the observer on the spaceshIp. 

Let us determine the time interval Aƒ measured by the observer on Earth 
between sending and receiving the light. In time Aí, the spaceship travels 
a distance 2f = ø Af where ø is the speed of the spaceship (FEig. 26-6b). The 
light travels a total distance on 1s diagonal path (Pythagorean theorem) of 
2VDˆ+  = cAi, where f = » Ai/2. Therefore 


cAt = 2\/D? + P = 2\/D + ư{At/4. 
We square both sides to fnd c(Af)ˆ = 4ĐZ + 0 (Ar£), and solve for (A/)”: 
(Ar)” = 4D”/(c? — 0?) 
2D 


e\⁄Z1— U2/cỄ. 


Wc combine this equation for A7 with the formula for Afoabove, Afạ = 2D/c: 


Af 
AN¡= = = (26-1a) | TIME DILATION 
1 — 0?/c? 


Since 4⁄1 —  /cŸ is always less than 1, we see that Aƒ > Aí¿. That is, the time 
interval between the two events (the sending of the light, and ifs reception on the 
spaceshIp) 1s greaer for the observer on Earth than for the observer on the space- 
ship. Thịs 1s a general result of the theory of relativity, and is known as time dilafion. 
The time dhlation effect can be stated as 
clocks moving relafive to an observer are measured to run more slowly, as 
compared to clocks at resif. 
However, we should not think that the clocks are somehow at fault. 
Time is actually measured to pass more slowly in any moving reference frame 
as compared fo your own. 
Thịis remarkable result is an inevitable outcome of the two postulates of the special 
theory of relafIvIty. 


SO 
Af = 
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TABLE 26-1 Values of 


D ⁄ 
0 1.00000... 
0.01c 1.00005 
0.10c 1.005 
0.50c 1.15 
0.90c 2.3 
0.99c 7.1 


The factor 1/A/⁄1 — ”/c? occurs so often ¡in relativity that we often give it 
the shorthand symbol 7 (the Greek letter “øeamma”), and write Eq. 26—1a as 


Af = YAï (26-1b) 
where 


lý = (26-2) 


4⁄1 — /c? 
Note that 7 1s never less than one, and has no units. At normal speeds, Y = 1 to 
many decimal places. In general, Y > 1. 

Values for Y = 1/4/1 — ?/c? at a few speeds ø are given in Table 26-1. 
7 1s never less than 1.00 and exceeds 1.00 significantly only at very hiph speeds, 
much above let's say 10 m/s (for which  = 1.000006 ). 

The concept of time đilatlon may be hard to accept, for 1t confradicts our 
experlence. We can see from Edq. 26—1 that the time dilation effect 1s ndeed negli- 
gible unless ? is reasonably close to c. If ø is much less than c, then the term 0/c? 
1s much smaller than the 1 in the denominator of Eq. 26—1, and then Af + Afs 
(see Example 26-2). The speeds we experience in everyday life are much smaller 
than c, so 1t 1s little wonder we don”t ordinarily notice time dilation. But experimenfs 
that have tested the time dilation effect have confirmed Einstein's predictions. 
In 1971, for example, extremely precise atomic clocks were flown around the Earth 
in jet planes. The speed of the planes (103 km/h) was much less than c, so the clocks 
had to be accurate to nanoseconds (10 ?s) in order to detect any time dilation. 
They were this accurate, and they confirmed Eqs.26—1 to within experimental error. 
Tìme dilation had been confirmed decades earlier, however, by observations on 
“elementary particles” which have very small masses (typically 10ˆ°to 1027 kg) and 
So require liftle energy to be accelerated to speeds close to the speed of light, c. 
Many of these elementary particles are not stable and decay after a time Into 
lighter particles. One example 1s the muon, whose mean lifetime 1s 2.2 s when at 
rest. Careful experiments showed that when a muon 1s traveling at high speeds, 
1s lifetime 1s measured to be longer than when 1t 1s at rest, Just as predicted by the 
time dilation formula. 


Lifetime of a moving muon. (2) What will be the mean 
lietime of a muon as measured 1n the laboratory 1Ÿ 1t 1s traveling at 
ò = 0.60c = 1.80 x 10Ẻm/s with respect to the laboratory? A muon”s mean 
lifetime at rest is 2.20 „s = 2.20 x 10s. (b) How far does a muon travel in the 
laboratory, on average, before decayIng? 


APPROACH TỶ an observer were to move along with the muon (the muon would 
be at rest to this observer), the muon would have a mean life of 2.20 x 10”5s. To 
an observer 1m the lab, the muon lives longer because of time chlation. We find the 
mean lifetime using Eq. 26-1 and the average distance using đ = 0 Aí. 
SOLUTION (ø) From Eq.26—1 with » = 0.60c, we have 

Afo 


V1 — 0c 
220X105s _ 220 105s 


4⁄1 - 0.436c?/c? 0.64 
(b) Relativity predicts that a muon with speed 1.80 x 10m/s would travel an 
average distance đ =  A/ = (1.80 x 10°m/s)(2.8 x 10 5s) = 500m, and this 
1s the distance that 1s measured experimentally 1n the laboratory. 
NOTE At a speed of 1.8 x 10Ÿm/s, classical physics would tell us that 
wih a mean híe of 2.2/„s, an average muon would travel đ = œí = 
(1.8 x 108 m/s)(2.2 x 10s) = 400 m. Thís is shorter than the distance measured. 


Af = 


= 7B TÚ, 


| EXERCISE A What ¡s the muon”s mean lifetime (Example 26-1) If it is traveling at 
ò = 0.90? (a) 0.42 ms; (b) 2.3 ms; (c) 5.0 ms; (đ) 5.3 ms; (e) 12.0 1s. 
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We necd to clarify how to use Eq. 2ó—1, Af7 = 7 Aía, and the meaning of A7 
and Aí;. The equation 1s true only when Aíạ represents the time interval between &® CAUTION 
the two events ? a reference ƒrame t0here an obseruer at rest sees the ft0o eUenfs Proper time Atg is ƒor 2 eUenfs af 
occur at the same point in space (as in Eig. 26—6a where the two events are the the same pOin{ i1 space 
lipht flash being sent and being received). This time interval, Aí¿, is called the 
proper time. Then Aƒ in Eqs. 26—1 represents the time Interval between the two 
evenfs as measured 1n a reference frame 7øing with speed » with respect to the 
frst. In Example 26-1 above, A/¿ (and not A7) was set equal to 2.2 x 10s 
because it is only in the rest frame of the muon that the two events (“birth” and 
“decay”) occur at the same poïnt in space. The proper time Aí 1s the shortest time &® CAUTION 
between the events any observer can measure. In any other moving reference Proper time is shortest: 
frame, the time Af is greater. Af > Afo 


Time dilation at 100 km/h. Let us check time dilation for 
everyday speeds. A car traveling 100 km/h covers a certain distance in 10.00 s 
according to the driver 's watch. What does an observer at rest on Earth measure 
for the time Interval? 


APPROACH The car's speed relative to Earth, written in mefers per second, 
is 100 km/h = (1.00 x 10 m)/(3600 s) = 27.8 m/s. The driver is at rest in the 
reference frame of the car, so we set Aï¿ = 10.00s In the time dilation 
formula. 


SOLUTION We use Eq. 26-1a: 


Af 10.00 
Af = b—= ạ 
: y? ý ì 278m/s \2 
c2 3.00 x 108m/s 
10.00 s 


— VI - (859 x10) 


TÍ you put these numbers Into a calculator, you wIll obtain Af = 10.00 s, because 
the denominator differs from 1 by such a tiny amount. The time measured by an 
observer fixed on Earth would show no difference from that measured by the 
driver, even with the besf instruments. A computer that could calculafte to a large 
number of decimal places would reveal a slight difference between Af and Aí§. 


NOTE_ We can estimate the difference using the binomial expansion (Appendix A—5), £ PROBLEM SOLVING 
Use öƒ the binomial expansion 


(+ x)" x 1 +”x. [for x << 1] 


1 
In our time dilation formula, we have the factor Y = (1 — /c”) ?. ThusÌ 
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10.00s|1 + { m1 
2 \3.00 x 108m/s 


+ 10.00s + 4x1014s, 


So the difference between A7 and Aí¿is predicted to be 4 x 10”!s, an extremely 
small amount. 


EXERCISE BA certain atomic clock keeps precise time on Earth. If the clock is taken 
on a spaceship traveling at a speed ø = 0.60c, does this clock now run sÏlow according to 
the people (z) on the spaceship, (5) on Earth? 


Recall that 1/x” is written as x”, such as 1/x” = x ”, Appendix A-2. 
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Reading a magazine on a spaceship. A passenger on a 
tfictional high-speed spaceship traveling between Earth and Jupiter at a steady 
speed of 0.75c reads a magazine which takes 10.0 min according to her watch. 
(a) How long does this take as measured by Earth-based clocks? (5) How much 
farther 1s the spaceship from Earth at the end of reading the article than 1t 
was at the beginning? 


APPROACH (a) The time interval in one reference frame ¡s related to the time 
Iinterval in the other by Eq. 26-1a or b. (b) At constant speed, distance 1s 
speed X time. Because there are two time intervals (Af and A7) we will get 
two distances, one for each reference frame. [This surprising result is explored 
1n the next Section (26—-5).] 


SOLUTION (ø) The given 10.0-mmn time interval 1s the proper time Afạ—starting 
and finishing the magazine happen at the same place on the spaceship. Earth 
clocks measure 
Afs 10.00 min 

V1I-(0/)  W1- (0757 
(5b) In the Earth frame, the rocket travels a distance D= œAf = 
(0.75c)(15.1 min) = (0.75)(3.0 x 10Ẻ m/s)(15.1 min x 60s/min) = 2.04 x 10! m. 
In the spaceship”s frame, the Earth 1s moving away from the spaceship at 0.75c, 


but the time 1s only 10.0 mm, so the distance 1s measured to be Ùụ = ® Afe = 
(2⁄25 x 10m/s)(600s) = 1.35 x 10”'m. 


Af = 15.lmm. 


Space Travel? 


Time dilation has aroused mnteresting speculation about space travel. According 
to classical (Newtonian) physics, to reach a star 100 light-years away would not 
be possible for ordinary mortals (1 hght-year 1s the distance light can travel 
in 1year = 3.0 x 10Ÿm/s x 3.16 x 107s = 9.5 x 107m). Even ïf a spaceship 
could travel at close to the speed of light, 1t would take over 100 years to reach 
such a star. But time dilation tells us that the time involved could be less. In 
a spaceship traveling at  = 0.999c, the time for such a trip would be only about 
Afe = AfW1— /c? = (100yr)⁄1 — (0.999)2 = 4.5yr. Thus time dilation 
allows such a trip, but the enormous practical problems of achieving such speeds 
may not be possible to overcome, certainly not in the near future. 

'When we talk in this Chapter and in the Problems about spaceships moving 
af speeds close to e, 1f 1s for understanding and for fun, but not realistic, although 
for tiny elementary particles such high speeds are realistic. 

In this example, 100 years would pass on Earth, whereas only 4.5 years would 
pass for the astronaut on the trip. Is 1t just the clocks that would slow down for the 
astronaut? No. 


AlI processes, including aging and other liƒe processes, run more slotuly for 
the astronaut as measured by an Earth obseruer. But to the astronault, time 
tuould pass in a normadl t0ay. 


The astronaut would experience 4.5 years of normal sleeping, eating, reading, 
and so on. And people on Earth would experience 100 years of ordinary actIvIty. 


Twin Paradox 


Not long after Einstein proposed the special theory of relativity, an apparent 
paradox was pointed out. According to this twin paradox, suppose one o a palr 
of 20-year-old twins takes off In a spaceship traveling at very hiph speed to a 
đistant star and back again, while the other twin remains on Earth. According to 
the Earth twin, the astronaut twin wIll age less. Whereas 20 years might pass for 
the Earth twin, perhaps only 1 year (depending on the spacecraft”s speed) would 
pass for the traveler. Thus, when the traveler returns, the earthbound twin could 
expect to be 40 years old whereas the traveling twin would be only 21. 
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Thịs 1s the viewpoint of the twin on the Earth. But what about the traveling 
twin? TỶ all inertial reference frames are equally good, won't the traveling twin 
make all the claims the Earth twin does, only 1n reverse? Can't the astronaut twin 
claim that since the Earth 1s moving away at high speed, time passes more slowly 
on Earth and the twin on Earth will age less? Thịs 1s the opposite of what the 
Earth twin predicts. They cannot both be right, for after all the spacecraft returns 
to Earth and a direct comparison of ages and clocks can be made. 

There 1s, however, no confradiction here. One of the viewpoinfs 1s indeed 
1ncorrect. The consequences of the special theory of relatIvity——m this case, time 
đilation—can be applied only by observers In an inertial reference frame. The 
Earth 1s such a frame (or nearly so), whereas the spacecraft is not. The spacecraft 
accelerates at the start and end of its trip and when 1t turns around at the far 
point of ifs Journey. Part of the time, the astronaut twin may be in an Inertial 
frame (and ïs Justified in saying the Earth twin”s clocks run slow). But during the 
accelerations, the twin on the spacecraft 1s not in an inertial frame. So she cannot 
use special relativity to predict their relative ages when she returns to Earth. The 
Earth twin stays in the same Inertial frame, and we can thus trust her predictions 
based on special relativity. Thus, there 1s no paradox. The prediction of the Earth 
twin that the traveling twin ages less 1s the correct one. 


*Global Posidoning System (GPS) @ÒpHvsi CS APPLIED 
Airplanes, cars, boafs, and hikers use gølobal positioning syséem (GPS) receivers ng TP PP VU nEPT 


to tell them quite accurately where they are at a øIven moment (Fig.26—7). There are 

more than 30 global positioning system satellites that send out precise time sipnals FIGURE 26-7 A visiting professor 
using atomic clocks. Your receiver compares the times received from at leastfour of physics uses the GPS on her smart 
satellites, all of whose times are carefully synchronized to within 1 part in 107, phone to find a restaurant (red dot). 
By comparing the time differences with the known satellite positions and the  Her locaton in the physics : 
fixed speed of light, the receiver can determine how far it is from each satellite  d©Partment is the blue dot. Traffic 
and thus where it is on the Earth. It can do this to an accuracy of a few meters, if_ °" %9!e NHSCPRGSTLS0.NHĐĐN 


. ' tr = d = SlOW, 
1í has been constructed to make corrections such as the one below due to relatIvity. (on Bến na chiến cea in 


CONGEPTUAL EXAMPLE 26-4 | A relativity correction to GPS. GPS_ Part by tracking cell phone 


satellites move at about 4km/s = 4000 m/s. Show that a good GPS receiver OVem€n(s. 


needs to correct for time dilation 1Ÿ 1t 1s to produce results consistent with atomic 


clocks accurate to 1 part in 101Ẻ. 
RESPONSE Let us calculate the magnitude of the time dilation effect by 
insertineg œ = 4000m/s ¡into Eq.26-1a: 

1 


1 
Af = Af = 
|. _ 9 jh ( x I0 me | 
¿ 3 x 10°m/s 
Af. lu. 
1 — 1.8 x 10 SG  onS% 


We use the binomial expansion: (1 + x)” + 1 + mx for x << 1 (see Appendix A-5) Ì 
which here is (1 — x) ? 1 + ‡x. Thatis ' 


Af = (1 + š(18 x 10)) A, = (1+ 9 x 10) Aj. 


Afq 


The time “error” divided by the time 1nterval 1s 
(Af — AR) 
Afs 


+ Search Directions Z 


= 1+9x10—-1 = 9x10”! x 1x10", 


Time dilation, 1ƒ not accounted for, would introduce an error of about 1 part 
¡n 1019, which ¡s 1000 times greater than the precision of the atomic clocks. Not 
correcting for time dilation means a receiver could give much poorer position 
aCCUTacy. 


NOTE GPS devices must make other corrections as well, including effects 
associated with general relativity. 
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26-5 Length Contraction 


Time Intervals are not the only things different 1n different reference frames. 
Space Intervals—lengths and distances—are different as well, according to the 
special theory of relativity, and we 1llustrate this with a thought experiment. 


..=. 
¬= : ` ` 
FIGURE 26-8 (a) A spaceship traveling bà) | 
at very hiph speed ø from Earth to the : ` F ^ 


planet Neptune, as seen from Earth's lung 

frame of reference. (b) According to an 

observer on the spaceshiIp, Earth and 

Neptune are moving at the very high .—.——” 

speed 0œ: Earth leaves the spaceship, and Đ =. p = 

a time Aï later Neptune arrives at the ~——S— ) mm. _— Ị _= 
Earth 


spaceshIp. 


(a) Earth at rest Neptune 


`. 


(b) Spacecraft at rest Neptune 


Observers on Earth watch a spacecraft traveling at speed œ from Earth to, 
say, Neptune, Fig. 26—8a. The distance between the planets, as measured by the 
Earth observers, 1s fạ. The time required for the trip, measured from Earth, 1s 
MŨ 


Af = 1à 


[Earth observer] 


In Fig. 26-8b we see the point of view of observers on the spacecraft. In this 
frame of reference, the spaceship is at rest; Earth and Neptune moveT with speed 0. 
The time between departure of Earth and arrival of Neptune, as observed from the 
spacecraft, is the “proper time” Aïg (page 753), because these two evenfts occur 
at the same poiïnt in space (i.e., at the spacecraft). Therefore the time interval is 
less for the spacecraft observers than for the Earth observers. That 1s, because of 
time dilation (Eq. 26—1a), the time for the trip as viewed by the spacecraft Is 


Afq¿ = AfA/1— 1?/c? 
= Ai/Y. 


Because the spacecraft observers measure the same speed but less time between 
these two events, they also measure the distance as less. If we let be the distance 
between the planets as viewed by the spacecraft observers, then £ = 0 Aï, 
which we can rewrite as  = 0 Afq = 0 Af%X/1— 0?/c? = fq\/1 — ˆ/c?. Thus 
we have the Important result that 


LENGTH CONTRACTION /". 1T. (26-3a) 
or, using 7 (Eq. 26-2), 


& 
y 


[spacecraft observer] 


‡ = (26-3b) 
Thịs 1s a general result of the special theory of relativity and applies to lengths of 
obljects as well as to đistance between objects. The result can be stated most 
sinply In words as: 

the length of an object moving relafive ío an observer is measured to be 
shorter along ïfs direcfion of mofion than when ïf is af resf. 

‹& CAUTION This ¡is called length contracfion. The length fs in Eqs. 26-3 1s called the 

Proper length is mmeasured proper lengtfh. It ¡s the length of the obJect (or distance between two points whose 

trì rẻƒerence ƒrane t0liere fñe  posiions are measured at the same time) as determined by obseruers af rest with 

fAÐO pOSIIOHS arẻ đt ẺSf respect to the object. Equations 26-3 give the length / that will be measured by 
observers when the object travels past them at speed ?. 


TWe assume 0 is much greater than the relative speed of Neptune and Earth (which we thus ignore). 
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]t 1s mportant to nofe that length contraction occurs only along the direction 
oƒ mofion. For example, the moving spaceship In Eig. 26-8a 1s shortened 1n 
length, but 1ts height 1s the same as when If 1s at resf. 

Length contraction, like time dilation, 1s not noficeable in everyday hife 
because the factor 4⁄1 — ?/c2 in Eq. 26-3a differs significantly from 1.00 only 
when ø 1s very large. 


Painting's contraction. A rectangular painting measures 
1.00 m tall and 1.50 m wide, Eig. 26—9a. It 1s hung on the side wall of a spaceship 
which is moving past the Earth at a speed of 0.90c. (2) What are the dimen- 
sions of the pIcture according to the captain of the spaceship? (5) What are the 
dimensions as seen by an observer on the Earth? 


APPROACH We apply the length contraction formula, Eq. 26—3a, to the dimen- 
sion parallel to the motion; œ 1s the speed of the painting relative to the Earth 
ODserVver. 

SOLUTION (2z) The painting 1s at rest ( = 0) on the spaceshIp so ¡t (as well 
as everything else in the spaceship) looks perfectly normal to everyone on the 
spaceshiIp. The captain sees a 1.00-m by 1.50-m painting. 

(b) Only the dimension in the direction of motion is shortened, so the heipht is 
unchanged at 1.00 m, Eig. 26—9b. The length, however, 1s contracted to 


£ = lÙ 1 =— 


(1.50m)A/1 - (0.90)2 = 0.65m. 


So the picture has dimensions 1.00m %x 0.65m to an observer on Earth. 


A fantasy supertrain. A very fast train with a “proper 
length” of É; = 500m (measured by people at rest on the trai) 1s passing throueh 
a tunnel that 1s 200 m long according to observers on the ground. Let us Imagine 
the train”s speed to be so great that the train fits completely within the tunnel as 
seen by observers on the ground. That is, the engine 1s just about to emerge from 
one end of the tunnel at the time the last car đisappears Into the other end. What 
1s the train”s speed? 

APPROACH Since the train just fits imnside the tunnel, its lenpth measured by 
the person on the ground ¡is É= 200m. The length contraction formula, 
Eq. 26-3a or b, can thus be used to solve for ?. 


SOLUTION Substituting É = 200m and É = 500m ïinto Eq.26—3a g1ves 


- 
200m = 500mvjl— -;; 
€C 


dividing both sides by 500 m and squaring, we get 
2 


(040? = 1— 
€ 
OT 
LẠC — 2 
: 1 — (0.40) 
and 
ø = 0.9. 


NOTE No real train could go this fast. But ït is fun to think about. 


NOTE_ An observer on the /rzin would no see the two ends of the train inside 
the tunnel at the same time. Recall that observers moving relative to each other 
do not agree about simultaneity. (See Example 26-7, next.) 


EXERCISE C€_ What ¡s the length of the tunnel as measured by observers on the train in 
Example 26—6? 


FIGURE 26-9 Example 26—5. 
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Hi 


CONCEPTUAL EXAMIPLE 26-7 | Resolving the train and tunnel length. 


Observers at rest on the Earth see a very fast 200-m-long train pass through a 
200-m-long tunnel (as in Example 26—6) so that the tran momentarily disappears 
from view Inside the tunnel. Observers on the train measure the train”s length 
to be 500 m and the tunnel”s length to be only 80 m (Exercise C, using Eq. 26—3a). 
Clearly a 500-m-long train cannot fit inside an 80-m-long tunnel. How 1s this 
apparent inconsistency explained? 


RESPONSE Events simultaneous In one reference frame may not be simultane- 
ous In another. Let the engine emerging from one end ofthe tunnel be “event A,” 
and the last car disappearing Into the other end of the tunnel “event B.” To 
observers in the Earth frame, events A and B are simultaneous. To observers on 
the train, however, the events are not simultaneous. In the train”s frame, event A 
Occurs before event B. As the engine emerges from the tunnel, observers on the 
train observe the last car as still 500m — 80m = 420m from the entrance to 
the tunnel. 


26-6 Four-Dimensional Space-Time 


Let us imagine a person 1s on a train moving at a very high speed, say 0.65c, 
Fig. 26—10. This person begins a meal at 7:00 and finishes at 7:15, according to 
a clock on the train. The two events, beginning and ending the meal, take place at 
the same point on the train, so the “proper time” between these two evenfs 1s 
15mm. To observers on Earth, the plate is moving and the meal will take 
longer—20 mmn according to Eqs. 2ó—1. Let us assume that the meal was served 
on a 20-cm-diameter plate (ts “proper length”). To observers on the Earth, the 
plate 1s moving and ¡s only 15 em wide (length contraction). Thus, to observers on 
the Earth, the meal looks smaller but lasts longer. 


— 
^ 
FIGURE 26-10 According to an mm 


accurate clock on a fast-moving train, 
a person (a) begins dinner at 7:00 and 
(b) ñnishes at 7:15. At the beginning 
of the meal, two observers on Earth 
set theiIr watches to correspond with 
the clock on the train. These observers 
measure the eating time as 20 minutes. 


°  RU2 


In a sense the two effects, time dilation and length contraction, balance each 
other. When viewed from the Earth, what an object seems fo Ïose 1n S1z€ 1t øgaIns 
1n length of time 1t lasts. Space, or length, 1s exchanged for time. 

Considerations like this led to the idea of four-dimensional space-fime: 
space takes up three dimensions and time 1s a fourth dimension. Space and time 
are Iintimately connected. Just as when we squeeze a balloon we make one 
dimension larger and another smaller, so when we examine objecfs and events 
from different reference frames, a certain amount oŸ space 1s exchanged for time, 
OT VIC€ V€TSA. 


(a) 
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Althouph the idea of four dimensions may seem strange, 1t refers to the idea 
that any ob]Ject or event 1s specified by four quantifles——three to describe where 
1n space, and one to describe when 1n time. The really unusual aspect of four- 
dimensional space-time 1s that space and time can 1ntermix: a litfle of one can be 
exchanzcd for a liftle of the other when the reference frame 1s changed. 

[In Galilean-Newtonian relativity, the time interval between two events, Aí, 
and the distance between two evenfs or poInfs, Âx, are Invariant quantifies no 
matter what Inertial reference frame they are viewed from. Neither of these 
quanfifies 1s Invar1ant according to Einstein”s relafivity. But there 1s an 1invariant 
quantity In four-dimensional space-time, called the space-time inferval, which 1s 
(As)? = (c Af# — (A+x}ˆ] 


26—Z Relativistic Momentum 


So far In this Chapter, we have seen that two basic mechanical quantifies, length 
and time I1ntervals, need modification because they are relative—their value 
depends on the reference frame from which they are measured. We might expect 
that other physical quantitles might need some modification according to the 
theory of relativity, such as momenftum and energy. 

The analysis of collisions between two particles shows that 1Ï we want to 
preserve the law of conservation of momentum 1n relativity, we must redefine 
momentum as 


mù 
#S= = Tmu, (26-4) 


4⁄1— 2c 
Here 7 is shorthand for 1/A⁄1 — ”/c? as before (Eq. 26-2). For speeds much 
less than the speed of light, Eq. 26—4 gives the classical momentum, p = z7. 
Relativistic momentum has been tested many times on tiny elemenfary particles 
(such as muons), and ¡t has been found to behave In accord with Eq. 26-4. 


EXAMPLE 26-8 | Momentum of moving electron. Compare the momentum 
of an electron to its classical value when it has a speed of (2) 4.00 x 10”m/s in 
the CRT of an old”TV set, and (b) 0.98c in an accelerator used for cancer therapy. 
APPROACH We use Eq. 26—4 for the momentum of a moving elecfron. 


SOLUTION (z) At » = 4.00 x 10”m/s, the electron's momentum is 


lọ # vh-| (4.00 x TT. m/s)? 

(3.00 x 10Ẻm/s)? 
The factor Y = 1/4⁄1 — ® /c? + 1.01, so the momentum ¡is only about 1% 
greater than the classical value. (HÍ we put in the mass of an electron, 


m = 9.11 x 10kg, the momentum is p = 1.01zm = 3.68 x 10 ”kg-m/s, 
compared to 3.64 x 10” kg-m/s classically.) 


(b) With ø = 0.98c, the momentum Is 


=_ 1.01mo. 


[4X Đ [4X Đ [4b 


SN jh 1". : ` — (0.98e)" ` 1⁄1 - (0.98) 


c2 


= 5.070. 


An electron traveling at 98% the speed of light has Y = 5.0 and a momentum 
5.0 times 1ts classical value. 
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* Rest Mass and Relativistic Mass 


$ CAUTION The relativistic definition of momentum, Eq. 26-4, has sometimes been Inter- 
Âost physicisís preƒfer  preted as an Increase 1n the mass of an obJect. In this interpretation, a particle 


to consider the 745 can have a relafivistic mass, ;¿¡, which Increases with speed according to 
oƒa particle as fixed 
m 


TN- = c... 
rel 1— 22/c2 
In this “mass-Increase” formula, zm 1s referred to as the rest mass of the obJect. 
With this Interpretatlon, he mmass oƒ an object qDppears fO increase as is speed 
increases. But there are problems with relativistic mass. If we plug 1t Into formu- 
las like Ƒ = ma or KE = ÿ1+?”, we obftain formulas that do not agree with 
experiment. (Ifwe write NÑewfton's second law in its more general form, Ê = AB/Ai, 
that would get a correct result.) Also, be careful zøí to think a mass acquires 
more parficles or more molecules as 1s speed becomes very large. It doesn't. 
Today, most physicists prefer not to use relativistic mass, so an obJect has only 
one mass (is rest mass), and it is only the momentum that increases with speed. 
'Whenever we talk about the mass of an obJect, we will always mean 1(s rest 
mass (a fixed value). [But see Problem 46.] 


26-8 The Ultimate Speed 


A basic result of the special theory of relativity 1s that the speed of an obJect 
cannot equal or exceed the speed of light. That the speed of light 1s a natural 
specd limit in the universe can be seen from any of Eqs. 26—1, 26—3, or 26—4. If 1s 
perhaps easlest to see from Eq. 26-4. As an obJect 1s accelerated to øreater and 
Øreater speeds, 1s momentum becomes larger and larger. Indeed, 1ƒ » were to 
equal c, the denominator in this equation would be zero, and the momentum 
would be Infinite. To accelerate an obJect up to  = c would thus require Infinite 
enersgy, and so 1s not possIble. 


26-9 E = mc?; Mass and Energy 


]fƒ momentum needs to be modified to fit with relafivifty as we Just saw in Eq. 26-4, 
then we might expect that energy would also need to be rethought. Indeed, Einstein 
not only developed a new formula for kimetic enerøgy, but also found a new rela- 
tion between mass and energy, and the startling idea that mass 1s a form Of energy. 

We start with the work-energy principle (Chapter 6), hoping 1t 1s still valid in 
relativity and will øive verifiable results. That 1s, we assume the net work done on 
a particle is equal to 1ts change In kinetic energy (KE). Using this principle, Emstein 
showed that at high speeds the formula KE = ¿7Ÿ is not correct. Instead, 
Einstein showcd that the kinetic energy of a parficle of mass 7 traveling at speed 0 


1S øIVen by 
mm... mc°. (26-5a) 
1 — ?/c? 
In terms of 7 = 1/1 - 0c? we can rewrite Eq. 26—5a as 
KE = nc? — mc? = (Y — 1)mc. (26-5b) 


Equation 26—5a requires some 1nterpretation. The first term Increases with the 
speed 0 of the particle. The second term, #c”, is constant; ït is called the rest energy 
Of the particle, and represents a form of enersy that a particle has even when at rest. 
Note that if a particle is at rest (ò = 0) the first term in Eq. 26—5a becomes znc, 


SO KE = ÔÖ as1f should. 
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W© can rearrange Eq. 26—5b to get 


Ymc?” = mcˆ” + KE. 


We call Ymc” the fofal energy E of the particle (assuming no potential energy), 
because 1t equals the rest energy plus the kinetic energy: 

E = KE+ mc. (26-óa) 
The total energyÏ can also be written, using Eqs.26—5, as 


mc7 


For a particle at rest In a g1ven reference Írame, KE 1s zero In Eq. 26—-6a, sO 
the total ener8y 1s 1S resf energy: 


?..< im" = (26-6b) 


E = mẽ @62. | TOENEROY — 
Here we have Einstein's famous formula,  = zmc”. This formula mathematically 
relates the concepfs of energy and mass. But 1f this idea 1s to have any physical 
meaning, then mass ought to be convertible to other forms of energy and vice 
versa. Einstein suggested that this might be possible, and indeed changes of mass 
to other forms of energy, and vice versa, have been experimentally confirmed 
counfless times 1n nuclear and elementary particle physics. For example, an elec- 
tron and a positron (= a positive electron, see Section 32-3) have often been 
observed to collide and disappear, producing pure electromagnetic radiation. The 
amount of electromagnefic energy produced 1s found to be exactly equal to that 
predicted by Einstein's formula, E = zmc”. The reverse process is also commonly 
observed mn the laboratory: electromagnetic radiation under certain condifions can 
be converted into material particles such as electrons (see Section 27—6 on palr 
production). On a larger scale, the energy produced in nuclear power planfs 1s 
a result of the loss in mass of the uranium fuel as it undergoes the process called 
fission (Chapter 31). Even the radiant energy we receive from the Sun 1s an 
example of E = mc”; the Sun's mass is continually decreasing as it radiates 
electromagnetic energy outward. 

The relation # = zmc” is now believed to apply to all processes, although the 
changes are often too small to measure. That 1s, when the energy oŸ a system 
changes by an amount A#, the mass of the system changes by an amount An 
ø1ven by 


AE = (Am)(c?. (26-8) 
In a nuclear reaction where an energy ?71s required or released, the masses of the 
reactants and the products will be different by Am = A E/c”. 


EXAMPLE 26-9 | Pion's kinetic energy. A z°” meson (m = 2.4 x 10 ”®kg) 
travels at a speed_ = 0.80c = 2.4 x 10°m/s. What is its kinetic energy? 
Compare tfo a classical calculation. 


APPROACH We use Eq. 26-5 and compare to ‡ 1. 
SOLUTION We substitute values into Eq. 26—5a 


1 
KE = ứmc7 1 
1 — 0?/c? 
jỂ pnosLEM SOLVING 


(2.4 x 10 ”°kg)(3.0 x 10Ẻm/s)” =... —1 Relatiistic kinetic energy 
(1 — 0.64)? 


14x 1031 


Notice that the units of zmc” are kg -m”/s”, which is the joule. 


NOTE Classically KE = 3” = 2(2.4 10 ?8 kg)(2.4 108 m/s)? = 6.9 x 1012 J, 
about half as much, but this is not a correct result. Note that 3z also does 
nof WOTk. 


PThis is for a “free particle,” without forces and potential energy. Potential energy terms can be added. 
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Energy from nuclear decay. The energy required or 
released 1n nuclear reactions and decays comes from a change 1n mass between 
the initial and final particles. In one type of radioactive decay (Chapter 30), 
an atom of uranium ( = 232.03716u) decays to an atom of thorium 
(m = 228.02874u) plus an atom of helium (w = 4.00260u) where the masses 
given are in atomic mass units (1u = 1.6605 x 10 ””kg). Calculate the energy 
released In this decay. 


APPROACH The initial mass minus the total final mass gives the mass loss In 
atomic mass units (u); we convert that to kg, and multply by cŸ to find the 
enersgy released, AE = Ammc”. 

SOLUTION The initial mass 1s 232.03716u, and after the decay the mass 1s 
228.02874u + 4.00260u = 232.03134u, so there 1s a loss of mass of 0.00582 u. 
This mass, which cquals (0.00582u)(1.66 x 10 ”kg) = 9.66 x 10 ”°kg, ¡s 
changed into energy. By AE = Azmc”, we have 


AE 


(9.66 x 10 3°kg)(3.0 x 108 m/s) 
8.70 x 1081, 


Since 1 MeV = 1.60 x 10'13J (Section 17-4), the energy released ¡s 5.4 Me V. 


In the tíny world of atoms and nuclel, 1t 1s common fo quote energiles in eV 
(electron volts) or multiples such as MeV (105eV). Momentum (see Eq. 26-4) 
can be quoted in unifs of eV/c (or MeV/c). And mass can be quoted (from 
E = mc?) in units of eV/c? (or MeV/c2). Note the use of c to keep the units 
correct. The masses of the electron and the proton can be shown to be 
0.511 MeV/c? and 938MeV/c”, respectively. For example, for the electron, 
mc? = (9.11 x 10! kg)(2.998 x 108m/s)2/(1.602 x 1081J/MeV) = 0.511 MeV. 
See also the Table inside the fronf cover. 


EXAMPLE 26-11 | A 1-TeV proton. The Tevatron accelerator at Fermilab In 
IHinois can accelerate protons to a kinetic energy of 1.0 TeV (1012 eV). What is the 
speed of such a proton? 


APPROACH We solve the kinetic energy formula, Eq. 26—5a, for 0. 


SOLUTION The rest energy of a proton is zc” = 938 MeV or 9.38 x 10#eV. 
Comparcd to the kinetic energy of 10!?eV, the rest energy can be neglected, so 
we sinplify Eq. 26—5a to 


mc? 
4⁄1 — ư/c 


We solve this for 1n the following steps: 


KE “^* 


0Ÿ mcˆ \Ÿ 9.38 x 108eV Ì\? 
—— = ÏÍ 1 : 
c? KE 1.0 x 10eV 
4⁄4 - (9.38 x 10c 

=_ 0.09009956 c, 


s 
lÍ 


So the proton 1s traveling at a speed very nearly equal to c. 
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At low speeds, ø << c, the relafivistic formula for kinetic energy reduces to 
the classical one, as we now show by using the binomial expansion (Appendix A): 


(1+ x)“=1+rmx+--, keeping only two terms because x = /c is Very 
much less than 1. With # = —š¿ we expand the square root in Eq. 26—-5a 
1 
KE = »ề| 1) 
1 — 0/c? 
so that 
2 1ư 122 
KE ®& mc|l + Jj+--T— l] 3x j0. 
2c? 


The dots In the first expression represent very small terms In the expansion which 
we neglect since we assumed that << c. Thus at low speeds, the relativistic 
form for kinetic energy reduces to the classical form, KE = z2”. This makes 
relativity a viable theory 1n that 1t can predict accurate results at low speed as well 
as at hiph. Indeed, the other equations of special relativity also reduce to the1r 
classical equivalents at ordinary speeds: length contraction, time dilation, and 
modifications to momentum as well as kinetic energy, all disappear Íor << c 
since 4⁄1 — ®2/c? œ 1. 

A useful relation between the total energy # of a particle and 1(s momentum 
can also be derived. The momentum of a particle of mass and speed 0 1s ø1Iven 


by Eq.26—4 
' m0 
p = YmU = 
1 — 0?/c? 
The total energy 1s 
E = KE+mc 
OT 
mc” 


E 


Ymc7 = ——————: 
4⁄1- ở/c 


We square this equation (and we insert ““ — ”° which is zero, but will help us): 


2 mẺc?c2 m°c?(c? — 2? + D) môc2uˆ2 m°c?( c2 — ø?) 
È.= — 2/2 — =2 = — 2/22 + — 27-2 
1 — 0/c l1 =wjc 1 — 0c 1 — c 
2 2 MÔ (L= M76) 
pc = 
1 — /c 
OT 
E2 = p?c2 + mức!, (26-9) 


Thus, the total energy can be written 1n terms of the momenftum ?, or 1n terms of 
the kinetic energy (Eq.26—-6a), where we have assumed there is no potential enerøy. 


*JInvariant Energy-Momentum 


We can rewrite Eq. 26-9 as E” — p”c” = mfc!. Since the mass zm of a given 
particle is the same in any reference frame, we see that the quantity E” — pc? 
must also be the same 1n any reference frame. Thus, at any given moment the 
total energy # and momentum ø of a particle will be different In different 
reference frames, but the quantity EZ — pc? will have the same value ¡n all 
inertial reference frames. We say that the quantity F” — p”c” is invariant. 


'When Do We LIse Relativistic Formulas? 


From a practical point of view, we do not have much opportumty In our dally lives 
to use the mathematics of relativity. For example, the 7 factor, Y = 1/4/1 — ®/c?, 
has a value of 1.005 when ø= 0.10c. Thus, for speeds even as hiph as 
0.10c = 3.0 x 10?m/s, the factor 4⁄1 — ?”/c? in relativistic formulas gives 
a numerical correction of less than 1%. For speeds less than 0.10c, or unless 
mass and energy are interchanged, we don't usually need the more complicated 
relafivistic formulas, and can use the simpler classical formulas. 
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ÂŠCAUTION 
NÑelatiue 0elocities do 
not add simpÌy, as 
in classical mechanics (0 << c} 


Relatiuistic addition oƒ 0elocities 
Jormula ( and Ý along same line) 


u'= 0.60c with _—Z# ⁄2 


{ft 
"nã. 


⁄ 

⁄ZZ⁄ 

=0.60c with 
respect to Earth 


FIGURE 26-11 Rocket 1 leaves Earth 
at o = 0.60c. Rocket 2 is fñred from 
rocket 1 with speed wˆ = 0.60c. What 
1s the speed of rocket 2 with respect to 
the Earth? Example 26-12. 


7164 CHAPTER 26 


TỶ you are gIiven a particle's mass and 1s kinetic energy KE, you can do a 
quick calculation to determine 1ƒ you need to use relativistic formulas or 1ƒ classical 
ones are good enough. You simply compute the ratio KE/zwcˆ because (Eq. 26—5b) 

KE 1 

Z. nh Lên == 1. 

me 1 — Đ/c 
TỶ this ratio comes out to be less than, say, 0.01, then Y < 1.01 and relafivistic 
equations will correct the classical ones by about 1%. If your expected precision 
1s no better than 1%, classical formulas are good enough. But 1ƒ your precision 1s 
1 part in 1000 (0.1%) then you would want to use relativistic formulas. IÝ your 
expected precision is only 10%, you need relativity if (KE/mc?) = 0.1. 


EXERCISE D For 1% accuracy, does an electron with KE = 100eV need to be treated 
relativistically? [H/nr: The mass of an electron ¡s 0.511 MeV.] 


26-—10O Relativistic Addition of Velocities 


Consider a rocket ship that travels away from the Earth with speed ø, and assume 
that this rocket has fired off a second rocket that travels at speed ˆ with 
respect to the first (Fig. 26-11). We might expect that the speed of rocket 2 
with respect to Earth 1s  = 0 + , which In the case shown 1n Fig. 26-11 1s 
u = (.60c + 0.60c = 1.20c. But, as discussed mm Section 26—8, no obJect can travel 
faster than the speed of light in any reference frame. Indeed, Einstein showed 
that since length and time are different in different reference frames, the classical 
addition-of-velocities formula 1s no longer valid. Instead, the correct formula 1s 


+ ứ and ÿ along 
1 + u'/c? the same direction 


for motion along a straight line. We derive this formula in Appendix E. IỶ ' 1sin 
the opposife direction from ø, then ” must have a minus sign In the above equation 
SO  = (0 — ')/( — ou'/©?). 

EXAMPLE 26-12 | Relative velocity, relativistically. Calculate the speed of 
rocket 2 In Fig.26—11 with respect to Earth. 


APPROACH We combine the speed of rocket 2 relative to rocket 1 with the 
speed of rocket 1 relative to Earth, using the relativistic Eq. 26—10 because the 
speeds are high and they are along the same line. 


SOLUTION Rocket 2 moves with speed “ = 0.60c with respect to rocket 1. 
Rocket 1 has speed ø = 0.60c with respect to Earth. The speed of rocket 2 with 
respect to Earth is (Eq. 26-10) 

0.60c + 0.60c — 1/20c 


(0.60c) (0.60) 1.36 


c2 


NOTE The speed of rocket 2 relative to Earth 1s less than c, as it must be. 


| (26-10) 


= 0.S&c. 


1.5% 


W© can see that Eq. 26—10 reduces to the classical form for velocities small 
compared to the speed of light since 1 + øw'/c? % 1 for and w' << c. Thus, 
ú ® 0 + ưu”, as1n classical physlcs (Chapter 3). 

Let us test our formula at the other extreme, that of the speed of lipht. 
Suppose that rocket 1 in Eig. 26-11 sends out a beam of light so that „ˆ = c. 
Equation 26—10 tells us that the speed of this light relative to Earth 1s 


0.60c + c 1.60c 
u = = =€C 
(0.60c)(c) 1.60 ' 
+ Ýĩ_—_———— —-. 
cễ 


which 1s fully consistent with the second postulate of relafIvIty. 


EXERCISE E_ Use Edq. 26-10 to calculate the speed of rocket 2 in Eig. 26—11 relative to 
Earth 1f it was shot from rocket 1 at a speed ' = 3000 km/s = 0.010c. Assume rocket 1 
had aspeed œ = 6000 km/s = 0.020c. 


EXERCISE F Return to the Chapter-Opening Question, page 744, and answer It again 
now. Try to explain why you may have answered differently the first time. 


26—]]Ï The Impact of Special Relativity 


A greaf many experiments have been performed to test the predictions of the special 
theory of relativity. Within experimental error, no contradictions have been found. 
Scienfists have therefore accepted relativity as an accurate descrIption of nature. 

At speeds much less than the speed of lipht, the relativistic formulas reduce to 
the old classical ones, as we have discussed. We would, of course, hope——or rather, 
1nsIst—that this be true since Newtonian mechanics works so well for obJects 
moving with speeds << c. Thịs Insistence that a more general theory (such as 
relativity) gIve the same results as a more restricted theory (such as classical 
mechanics which works for ø << c) 1s called the correspondence principle. The 
two theorIes must correspond where their realms of validity overlap. Relativity 
thus does not contradict classical mechanics. Rather, 1t 1s a more general theory, 
of which classical mechanics 1s now considered to be a limiting case. 

The Importance of relafivity 1s not simply that It ø1ves more accurafe results, 
especially at very high speeds. Much mơre than that, 1t has changed the way we 
view the world. The concepfs of space and time are now seen to be relative, and 
1ntertwined with one another, whereas before they were considered absolute and 
separate. Even our concepfts of matter and energy have changed: either can be 
converted to the other. The impact of relativity extends far beyond physics. It has 
infuenced the other sciences, and even the world of art and literature; 1t has, 
1ndeed, entered the general culture. 

The special theory of relativity we have studied 1n this Chapter deals with 
inertial (nonaccelerating) reference frames. In Chapter 33 we will discuss briefly 
the more complicated “general theory of relativity” which can deal with non- 


1nertial reference frames. 


 Summary 


An inerfial reference frame is one in which Newton”s law of 
Inertia holds. Inertial reference frames move at constant veloc- 
1ty relative to one another. Accelerating reference frames are 
noninertial. 

The special theory of relafivify is based on two principles: 
the relafivity principle, which states that the laws of physics 
are the same In all inertial reference frames, and the principle 
of the constancy of the speed of ligh(, which states that the 
specd of light in empty space has the same value In all inertial 
reference frames. 

One consequence of relativity theory 1s that two events 
that are siImultaneous In one reference frame may not be simul- 
taneous In another. Other effec(s are time đilafion: moving 
clocks are measured to run slow; and length confracfion: 
the length of a moving object is measured to be shorter (in 1s 
đirection of motion) than when 1t is at rest. Quantitatively, 


Afo 


Af = = TAÍg (26-1) 
1 — 0ˆ/c? 
t, 
f = fạN/1_— 1/© = n (26-3) 


where f and Aí are the length and time interval of objects (or 
events) observed as they move by at the speed 0; fạ and Aíạ are 
the proper length and proper time——that 1s, the same quantities 
as measured In the rest frame of the obJects or events. The 
quantity 7 1s shorthand for 


xẽ.... (26-2) 


1 — 0ˆ/c? 
The theory of relativity has changed our notions of space 
and time, and of momentum, energy, and mass. Space and time 


are seen to be IntImately connected, with time being the fourth 
dimension In addition to the three dimensions of space. 
The momentum of an obJect 1s g1ven by 


tHUb 


1 — 0ˆ/c? 


p = Ymu = (26-4) 


Mass and energy are Interconvertible. The equation 
(26-7) 


tells how much energy # 1s needed to create a mass 7, OT Vice 
versa. Said another way, E = mc” ¡s the amount of energy an 
obJect has because of Its mass 7. The law of conservation of 
energy must include mass as a form Of energy. 

The kinetic energy KE of an object moving at speed 0 1s 
øIven by 


3 
E. = mcˆ 


mcˆ 
4⁄1 — 1?/c? 


where 7 1s the mass of the object. The total energy #, 1ƒ there 
1S no potenfial energy, 1s 


KE = mcˆ = (Y— 1)mc” (265) 


E = KE+tc 
2 (26-6) 


The momentum p of an object ¡1s related to 1s total 
energy # (assuming no potential energy) by 
E? = pc? + mức! (26-9) 
Velocity addition also must be done In a special way. All 
these relativistic effects are sipnificant only at hiph speeds, 
close to the speed of light, which 1tself is the ultimate speed In 
the unIverse. 
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 Questions 


1. 


10. 


11. 


You are In a windowless car In an exceptionally smooth 
tran moving at consfant velocity. [s there any physIcal experI- 
ment you can do in the train car to determine whether 
you are moving? Explain. 


- You mipht have had the experlence of being at a red lipht 


when, out of the corner of your eye, you see the car beside 
you creep forward. Instinctively you stomp on the brake 
pedal, thinking that you are rolling backward. What does 
this say about absolute and relative motion? 


‹ A worker stands on top of a railroad car moving at constant 


velocity and throws a heavy ball straieght up (from his point 
Of view). Ignoring air resistance, explain whether the ball 
wIll land back in his hand or behind him. 


.‹ Does the Earth really go around the Sun? Or 1s it also valid 


to say that the Sun goes around the Earth? Discuss in view 
of the relativity principle (that there is no best reference 
frame). Explain. See Section 5-8. 


. lÝ you were on a spaceship traveling at 0.6c away from a 


star, at what speed would the starlight pass you? 


.‹ The time dilation effect is sometimes expressed as “moving 


clocks run slowly.” Actually, this effect has nothing to do 
with motion affecting the functioning of clocks. What then 
does it deal with? 


. Does time dilatlon mean that time actually passes more 


slowly in moving reference frames or that 1t only see7s tO 
pass more slowly? 


. A young-looking woman astronaut has Just arrived home 


Irom a long trip. She rushes up to an old gray-haired man 
and In the ensuing conversation refers to him as her son. 
How mipht this be possIble? 


. lfyou were traveling away from Earth at speed 0.6c, would 


you notice a change 1n your heartbeat? Would your mass, 
heipht, or waistline change? What would observers on 
Earth using telescopes say about you? 

Do time dilation and length contraction occur at ordinary 
speeds, say 90 km/h? 

Suppose the speed of lipht were Inflinite. What would 
happen to the relativistic predictions of length contraction 
and time dilation? 


12. 


13. 


14. 


FIGURE 26-12 
Ouestion 14. 

Mr Tompkins as 
seen by people on 
the sidewalk. See 
also Chapter- 
Opening Figure on 
page 744. 


15. 


16. 
17. 
18. 
19. 


20. 


Explain how the length contraction and time dilation for- 
mulas might be used to indicate that c 1s the limiting speed 
1n the unIverse. 

Discuss how our everyday lives would be different 1ƒ the 
specd of light were only 25 m/s. 

The drawing at the start of this Chapter shows the streef as 
seen by Mr Tompkins, for whom the speed of light 1s 
c = 20mi/h. What does Mr Tompkins look like to the 
people standing on the street bo — l5 xui 


An electron ïs limited to travel at speeds less than c. Does 
this put an upper limit on the momentum of an electron? 
TỶ so, what 1s this upper limit? TỶ not, explain. 

Can a particle of nonzero mass at(ain the speed of light? 
Explain. 

Does the equation £ = me” conflict with the conservation 
of energy principle? Explain. 

TỶ mass 1s a form of energy, does this mean that a spring has 
more mass when compressed than when relaxed? Explain. 
Tt 1s not correct to say that “matter can neither be created 
nor đestroyed.” What must we say instead? 

Is our Intuitive notion that velocitles simply add, as in 
Section 3-8, completely wrong? 


[MisConceptual Questions 


1. 


166 CHAPTER26 The Special Theory of Relativity 


The fictional rocket ship 1đøenfure 1s measured to be 50 m 
long by the ship”s captain inside the rocket. When the rocket 
moves past a space dock at 0.5c, space-dock personnel 
measure the rocket ship to be 43.3m long. What 1s Ifs 
proper length? 

(a) 50m. (0) 43.3 m. 


(c) 933m. (2) 13.3m. 


. As rocket ship Adøenure (MisConceptual Question 1) 


passes by the space dock, the ship”s captain flashes a flash- 

lipht at 1.00-s Intervals as measured by space-dock personnel. 

How often does the flashlight flash relative to the captain? 

(a) Every 1.15s. (b) Every1.00s. (c) Every 0.87 s. 

(đ) We need to know the distance between the ship and 
the space dock. 


. For the flashing of the flashlipght in MisConceptual Ques- 


tion 2, what time Interval 1s the proper time Interval? 
(2)1.15s. (b)1.00s. (c)0.87s. (đ)0.13s. 


4. 


The rocket ship of MisConceptual Question 1 travels to a star 

many light-years away, then turns around and returns at the 

same speed. When it returns to the space dock, who would 

have aged less: the space-dock personnel or ship”s captain? 

(a) The space-dock personnel. 

() The ship”s captain. 

(c) Both the same amount, because both sets of people 
were moving relative to each other. 

(đ) We need to know how far away the star 1s. 

An Earth observer notes that clocks on a passing space- 

craft run slowly. The person on the spacecraft 

(4) agrees her clocks move slower than those on Earth. 

() feels normal, and her heartbeat and eating habifs are 
normal. 

(c) observes that Earth clocks are moving slowlÌy. 

(đ) The real time is in between the times measured by the 
twO ODSeTV€TS. 

(c) Both (2) and (0). 

(ƒØ) Both (5) and (c). 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


. Spaceships A and B are traveling directly toward each 


other at a speed 0.5c relative to the Earth, and each has 
a headlight aimed toward the other ship. What value do 
technicians on ship B get by measuring the speed of the 
light emitted by ship A°s headlight? 

(a)0.5c. (b) 0.75c. (c) 1.0c. (3) 1.5c. 


„ Relativistic formulas for time dilation, length contraction, 


and mass are valid 

(2) only for speeds less than 0.10c. 

(B) only for speeds greater than 0.10c. 
(c) only for speeds very close to c. 

(đ) for all speeds. 


. Which of the following will two observers in inertial refer- 


ence frames always apree on? (Choose all that apply.) 

(a) The time an event occurred. 

(b) The distance between two evenfs. 

(c) The time interval between the occurence of two evens. 
(đ) The speed of light. 

(c) The validity of the laws of physics. 

(/) The simultaneity of two events. 


. Two observers In different inertial reference frames moving 


relative to each other at nearly the speed of lipht see 

the same two evenfts but, using precise equipment, record 

different time Intervals between the two events. Which of 

the following 1s true of their measurements? 

(z) One observer is incorrect, but it 1s Impossible to tell 
which one. 

(b) One observer is incorrectf, and it is possible to tell 
which one. 

(c) Both observers are Incorrect. 

(đ) Both observers are correct. 


10. 


11. 


13. 


You are in a rocket ship going faster and faster. As your 

speed Increases and your velocity øets closer to the speed of 

light, which of the following do you observe In your frame 

Of reference? 

(4) Your mass Increases. 

(ð) Your length shortens in the direction of motion. 

(c) Your wristwatch slows down. 

(đ) AlII of the above. 

(£) None of the above. 

You are In a spaceship with no windows, radios, or other 

means to check outside. How could you determine whether 

your spaceshIp 1s at rest or moving at constant velocity? 

(a) By determining the apparent velocity of light in the 
SpaceshIp. 

(5) By checking your precision watch. If 1t's running slow, 
then the ship 1s moving. 

(c) By measuring the lengths of objects in the spaceship. If 
they are shortened, then the ship 1s moving. 

(đ) Give up, because you cant tell. 


‹ The period of a pendulum attached In a spaceshIp 1s 2 s 


while the spaceship 1s parked on Earth. What is the period 
to an observer on Earth when the spaceship moves at 0.óc 
with respect to the Earth? 

(a) Less than 2 s. 

(b) More than 2 s. 

(c) 2s. 

Two spaceships, each moving at a speed 0.75c relative to 
the Earth, are headed directly toward each other. What do 
Occupanfs of one ship measure the speed of other ship to be? 
(a)0.9óc. (b)1.0c. (c)1.5c. (đ3)1.75c. (e)0.75c. 


Œ) 


j Problems 


26-4 and 26-5 Time Dilation, Length Contraction 


1. 


2. 


Sài 


« 


ụ 


cH 


(DA spaceship passes you at a speed of 0.850c. You measure 
1s length to be 44.2 m. How long would 1t be when at rest? 
(DA certain type of elementary particle travels at a speed 
of 2.70 x 10Ÿm/s. At this speed, the average lifetime is 
measured to be 4.76 x 1075s. Whatis the particle's lifetime 
at rest? 

(H) You travel to a star 135 light-years from Earth at a speed 
of 2.90 < 108 m/s. What do you measure this đistance to be? 
() What ¡s the speed of a pion 1Ÿ its average lifetime 1s 
measured to be 4.40 x 108s2? Atrest, its average lifetime 
is 2.60  10°Šs. 

(H) In an Earth reference frame, a star is 49 light-years 
away. How fast would you have to travel so that to you the 
đistance would be only 35 light-years? 

(HT) At what speed ø will the length of a 1.00-m stiek look 
10.0% shorter (90.0 em)? 


. (H) At what speed do the relativistic formulas for (2) length 


and (0) time intervals differ from classical values by 1.00%? 
(This is a reasonable way to estimate when to use relativistic 
calculations rather than classical.) 

(I) You decide to travel to a star 62 light-years from Earth 
at a speed that tells you the distance 1s only 25 lipht- 
years. How many years would 1t take you to make the trip? 


5, 


10. 


11. 


12. 


13. 


(H) A friend speeds by you in her spacecraft at a speed of 
0.720c. It is measured In your frame to be 4.80 m long and 
1.35 m hiph. (2z) What will be its lenegth and height at rest? 
(b) How many seconds elapsed on your friend's watch when 
20.0 s passed on yours? (c) How fast did you appear to be 
travelinsg according to your friend? (đ) How many seconds 
elapsed on your watch when she saw 20.0 s pass on hers? 
(HH) A star is 21.6 light-years from Earth. How long would 
1t take a spacecraft traveling 0.950c to reach that star as 
measured by observers: () on Earth, (5) on the spacecraft? 
(c) What ¡s the distance traveled according to observers 
on the spacecraft? (đ) What will the spacecraft occupants 
compute their speed to be from the results of (b) and (c)? 
(IH) A fictional news report stated that starship Emferprise 
had Just returned from a 5-year voyage while traveling at 
0.70c. (4) IÝ the report meant 5.0 years of #arfh time, how 
much time elapsed on the ship? () If the report meant 
5.0 years Of ship íime, how much time passed on Earth? 
(H) A box at rest has the shape of a cube 2.6 m on a side. 
This box 1s loaded ontfo the flat floor of a spaceship and 
the spaceship then flies past us with a hor1zontal speed of 
0.S0c. What is the volume of the box as we observe 1t? 
qMH) Escape velocity from the Earth ¡is 11.2km/s. What 
would be the percent decrease In length of a 68.2-m-long 
spacecraft traveling at that speed as seen from Earth? 


7167 


Problems 


14. 


15. 


(II) An unstable particle produced in an accelerator 
experiment travels at constant velocity, covering 1.00 m in 
3.40 ns in the lab frame before changing (“decaying”) into 
other particles. In the rest frame of the particle, determine 
(a) how long it lived before decaying, (b) how far it moved 
before decaying. 


(HH) How fast must a pion be moving on average to travel 
32m before it decays? The average lifetime, at resf, 1s 
2.6 x 1078. 


26-7 Relativistic Momentum 


16. 


17. 


18. 


19. 


20. 


() What ¡is the momentum of a proton traveling at 
ò = 0.6§c? 

(H) (z)A particle travels at ø = 0.15c. By what percentage 
wIll a calculation of 1ts momentum be wrong If you use the 
classical formula? (5) Repeat for  = 0.75c. 


(ID) A particle of mass zm travels at a speed œ = 0.22c. At 
what speed wIll its momentum be doubled? 


(ID An unstable particle is at rest and suddenly decays into 
two frapments. No external forces act on the particle or 1s 
Íragments. One of the fragments has a speed of 0.60c and 
a mass of 6.68 < 107?Ïkg, while the other has a mass of 
1.67 x 107kg. What is the speed of the less massive 
fraøment? 


(ID) What ïs the percent change in momentum of a proton 
that accelerates from (z) 0.45c to 0.8S5c, (b) 0.85c to 0.98c? 


26-9 E = mc”; Mass and Energy 


21. 


22. 


233. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


(D Calculate the rest energy of an electron ¡n joules and in 
MeV (1 MeV = 1.60 x 1031). 


( When a uranium nucleus at rest breaks apart in the 
process known as ƒission In a nuclear reactor, the resulting 
Íragments have a total kinetic energy of about 200 MeV. 
How much mass was lost in the process? 


(J The total annual energy consumption In the United 
States is about 1 < 1072J. How much mass would have to 
be converted to energy to fuel this need? 


(U Calculate the mass of a proton (1.67 x 10 ”kg) in 
MeV/c?. 

( A certain chemical reaction requires 4.82 x 10!J of 
energy Input for it to go. What 1s the increase In mass of 
the products over the reactants? 

(H) Calculate the kinetic energy and momentum of a 
proton traveling 2.90 < 10m/s. 

(ID) What ïs the momentum of a 950-MeV proton (that 1s, 
1ts kinetic energy 1s 950 MeV)? 

(II) What is the speed of an electron whose kinetic energy 
1s 1.12 MeV? 

(TT) (a) How much work ïs required to accelerate a proton 
from rest up to a speed of 0.985c? (b) What would be the 
momentum of this proton? 

(ID) At what speed will an objecf”s kinetic energy be 33% of 
1{S res( energy? 

(H) Determine the speed and the momentum of an electron 
(m = 9.11 x 10 kg) whose KE equals its rest energy. 
(I) A proton is traveling in an accelerator with a speed of 
1.0 x 10Ẻm/s. By what factor does the proton's kinetic 
enerøy Increase If ifs speed 1s doubled? 
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33. 


34. 


35. 


36. 


37 


38 


39 


e 


40. 


41 


42 


b 


43. 


44. 


45 


*46 


(II) How much energy can be obtained from conversion of 
1.0 pram of mass? How much mass could this energy raise 
to a height of 1.0 km above the Earth”s surface? 

(II) To accelerate a particle of mass zm from rest to speed 
0.90c requires work WW¡. To accelerate the particle Írom 
speed 0.90c to 0.99 requires work W2. Determine the 
ratlo W2/W. 

(TT) Suppose there was a process by which two photons, 
each with momentum 0.65 MeV/ec, could collide and make 
a single particle. What is the maximum mass that the parti- 
cle could possess? 

(H) What ïs the speed of a proton accelerated by a poten- 
tial difference of 165 MV? 

(ID) What ïs the speed of an electron after being accelerated 
from rest by 31,000 V? 

(H) The kinetic energy of a particle is 45 MeV. If the 
momentum is 121 MeV/c, what is the particle°s mass? 
(II) Calculate the speed of a proton (m = 1.67 x 10 ”kg) 
whose kinetic energy is exactly half (a) its total energy, 
(B) 1S rest energy. 

(I) Calculate the kinetic enerey and momentum of a 
proton (z = 1.67 x 10 ”kg) traveling 8.65 x 10”m/s. 
By what percentages would your calculations have been In 
error If you had used classical formulas? 

(TT Suppose a spacecraft of mass 17,000 kg 1s accelerated 
to 0.15c. (z) How much kinetic energy would 1t have? 
() If you used the classical formula for kinetic energy, by 
what percentage would you be ïn error? 

(H) A negative muon traveling at 53% the speed of light 
collides head on with a positive muon traveling at 65% the 
speed of light. The two muons (each of mass 105.7 MeV/c?) 
annihilate, and produce how much electromagnetic energy? 
(ID) Two identical particles of mass 7 approach each other 
at equal and opposife speeds, ø. The collision is completely 
1nelastic and results in a single particle at rest. What 1s the 
mass Of the new particle? How much energy was lost in the 
collision? How much kinetic energy was lost in this collision? 
(II) The americium nucleus, 244Am, decays to a neptunium 
nucleus, 54Np, by emitting an alpha particle of mass 
4.00260u and kinetic energy 5.5 MeV. Estimate the mass 
of the neptunium nucleus, Iøenoring 1s recoIl, øiven that the 
americium mass is 241.05682 u. 

(HT) Show that the kinetic enerey KE Of a particle oŸ mass zn 
1s related to 1ts momentum p by the equation 


Pp = NKE + 2KE mc“Íc. 
(II) What magnetic field Ö 1s needed to keep 998-GeV 
protons revolving In a circle of radius 1./0km? se the 
relativistic mass. The proton”s “rest mass” is 0.938 GeV/cŸ. 
(1 GeV = 10?eV.) [Him: In relativity, m,ø”/r = quB 1s 
stilIl valid in a magnetic field, where 7, = Y. | 


26-10 Relativistic Addition of Velocities 
47. (DA person on a rocket traveling at 0.40c (with respect to 


48. 


the Earth) observes a meteor come from behind and pass 
her at a speed she measures as 0.40c. How fast 1s the 
meteor moving with respect to the Earth? 

(ID) Two spaceships leave Earth in opposite directions, each 
with a speed of 0.60c with respect to Earth. (2) What is the 
velocity of spaceship 1 relative to spaceship 2? (b) What 
1s the velocity of spaceship 2 relative to spaceship 1? 


49. (II) A spaceship leaves Earth traveling at 0.65c. A second 


spaceship leaves the first at a speed of0.82c with respect to 
the ñirst. Calculate the speed of the second ship with 
respect to Earth If ït ¡s fired (a) in the same direction the 
first spaceship ¡s already moving, (b) directly backward 
toward Earth. 

(II) An observer on Earth sees an alien vessel approach 
at a speed of 0.60c. The fictional starship Ez/erprise comes 
to the rescue (FEig. 26-13), overtaking the aliens while 
moving directly toward Earth at a speed of 0.90c relative 
to Earth. What 1s the relative speed of one vessel as seen 
by the other? 


Emterprise 


`. ` ò = 0.60c 


FIGURE 26-13 Problem 50. 


5í. (H) A spaceship in distress sends out two escape pods In 


Oopposite directions. One travels at a speed œ¡ = +0.70c 
in one direction, and the other travels at a speed 
ø› = —U.80c In the other direction, as observed from the 
spaceship. What speed does the first escape pod measure 
for the second escape pod? 


. (H) Rocket A passes Earth at a speed of 0.65c. At the 


same time, rocket B passes Earth moving 0.95c relafive to 
Earth in the same direction as A. How fast is B moving 
relative to A when It passes A? 


. (H) Your spaceship, traveling at 0.90c, needs to launch a 


probe out the forward hatch so that 1s speed relative to 
the planet that you are approaching 1s 0.95c. With what 
speed must it leave your ship? 


I General Problems 


54. What is the speed of a particle when 1(s kinetic energy 


equals is rest energy? Does the mass of the particle affect 
the result2 

The nearest star to Earth 1s Proxima Centaurl, 4.3 light- 
years away. (z) At what constant velocity must a spacecraft 
travel from Earth If it is to reach the star In 4.9 years, as 
measured by travelers on the spacecraft? (b) How long does 
the trip take according to Earth observers? 

. According to the special theory of relativity, the factor 7 
that determines the length contraction and the time 
dilation is given by  = 1/41 — %^/c?. Determine the 
numerical values of Y for an object moving at speed 
ò = 0.01c, 0.05c, 0.10c, 0.20c, 0.30c, 0.40c, 0.50c, 0.60c, 
0.70c, 0.80c, 0.90c, 0.95c, and 0.99c. Make a graph of 
7 Versus 0. 

. A healthy astronauts heart rate ¡is 60 beats/min. Flipht 
doctors on Earth can monitor an astronaufs vital signs 
remotely while In flight. How fast would an astronaut be 
flying away from Earth 1f the doctor measured her having 
a heart rate of 25 beats/min? 

. (ø) What is the speed » of an electron whose kinetic energy 
1s 14,000 times 1ts rest energy? You can state the answer as 
the difference c — ø. Such speeds are reached In the Stan- 
ford Linear Accelerator, SLAC. (Đ) If the electrons travel 
1n the lab through a tube 3.0 km long (as at SLAC), how 
long 1s this tube In the electrons'” reference frame? [Himr: 
se the binomial expansion.] 

What minmum amount of electromagnetic energy 1s 
needed to produce an electron and a positron together? 
A positron 1s a particle with the same mass as an electron, 
but has the opposIte charge. (Note that electric charge 1s 
conserved In this process. See Section 27~6.) 

How many grams of matter would have to be tofally 
destroyed to run a 75-W Iightbulb for 1.0 year? 

A free neutron can decay Info a proton, an electron, and a 
neutrino. Assume the neutrino)s mass 1s zero; the other 
masses can be found in the Table inside the front cover. 
Determine the total kinetic energy shared among the three 
particles when a neutron decays at rest. 


62. An electron (m = 9.11 x 10 kg) is accelerated from 


resft to speed ø by a conservaftive force. In this process, 1s 
potential energy decreases by 6.20 < 10”!!J. Determine 
the electron”s speed, 0. 


. The Sun radiates energy at a rate of about 4 x 107W. 


(a) At what rafte is the Sun's mass decreasine? (5) How 
long does 1t take for the Sun to lose a mass equal to that 
of Earth? (c) Estimate how long the Sun could last 1Ý it 
radiated constantly at this rate. 

How much energy would be required to break a helium 
nucleus Into 1ts consfituents, fwo protons and two 
neutrons? The masses of a proton (including an electron), 
a neutron, and neutral helium are, respectively, 1.00783 u, 
1.00867 u, and 4.00260u. (This energy difference is called 
the fofal binding energy of the ŸHe nucleus.) 


. Show analytically that a particle with momentum p and 


energy # has a speed gIven by 


pcˆ pc 
_ — 


E mm. P 


. TWwo protons, each having a speed of 0.990c in the labora- 


tory, are moving toward each other. Determine (z) the 
momentum of each proton ¡n the laboratory, (b) the total 
momentum of the two protons ¡in the laboratory, and 
(c) the momentum of one proton as seen by the other proton. 


. When two moles of hydrogen molecules (H;) and one mole 


of oxygen molecules (O;) react to form two moles oŸ wafer 
(H;O). the energy released 1s 484 kJ. How much does the 
mass decrease 1n this reaction? What % of the total original 
mass Is this? 

The fictional starship #erprise obtains I{s power by 
combining matter and antimatter, achieving complete 
conversion of mass Into energy. If the mass of the 
Enrterprise is approximately 6 x 10?kg, how much mass 
must be converted Into kinetic energy to accelerate 1t from 
resft to one-tenth the speed of light? 


. Make a graph of the kinetic energy versus momentum for 


(4) a particle of nonzero mass, and () a particle with zero 
maSS. 


General Problems 769 


70. 


71. 


72. 


Tổ: 


74. 


75. 


A spaceship and 1s occupants have a total mass of 
160,000 kg. The occupants would like to travel to a star 
that is 35 light-years away at a speed of 0.70c. To accelerate, 
the engine of the spaceship changes mass directly to energy. 
(a) Estimate how much mass wIll be converted to energy 
to accelerate the spaceship to this speed. (5) Assuming the 
acceleration 1s rapid, so the speed for the entire trip can be 
taken to be 0.70c, determine how long the trip wIll take 
according to the astronauts on board. 


In a nuclear reaction two identical particles are created, 
traveling in opposite directions. If the speed of each particle 
1s 0.82c, relative to the laboratory frame of reference, what 
1s one particle*s speed relative to the other particle? 


A 36,000-kg spaceshIp 1s to travel to the vicinity of a star 
6.6 lipht-years from Earth. Passengers on the ship want the 
(one-way) trip to take no more than 1.0 year. How much 
work must be done on the spaceship to bring 1t to the 
speed necessary for this trip? 


Suppose a 14,500-kg spaceship left Earth at a speed of0.90c. 
'What 1s the spaceship”s kinetic energy? Compare with the 
total U.S. annual energy consumption (about 1079). 


A pi meson oŸ mass „ decays af rest into a muon (mass z,„) 
and a neutrino of negligible or zero mass. Show that the 
kinetic energy of the muon Is KE„ = (m„ — m lIC, /m;). 


An astronaut on a spaceship traveling at 0.75c relative to 
Earth measures his ship to be 23m long. On the ship, he 
eats his lunch in 28 min. (2) What length is the spaceship 
according to observers on Earth? (5) How long does the 
astronauf£s lunch take to eat according to observers on Earth? 


76. 


T1. 


78. 


79, 


80. 


81. 


Astronomers measure the distance to a particular star to 
be 6.0 lipht-years (1 ly = distance light travels in 1 year). 
A spaceshIp travels from Earth to the vicinity of this star at 
steady speed, arriving In 3.50 years as measured by clocks 
on the spaceship. (2) How long does the trip take as 
measured by clocks in Earth”s reference frame? (5) What 
distance does the spaceshiIp travel as measured ïn Its own 
reference frame? 

An electron 1s accelerated so that its kinetic energy 1s 
øreater than its rest energy zc” by a factor of (z) 5.00, 
(5) 999. What ¡s the speed of the electron in each case? 
You are traveling In a spaceship at a speed of 0.70c away 
from Earth. You send a laser beam toward the Earth 
traveling at velocity c relative to you. What do observers 
on the Earth measure for the speed of the laser beam? 

A farm boy studying physics believes that he can Ït a 
13.0-m-long pole Iinto a 10.0-m-long barn 1f he runs fast 
enouph, carrying the pole. Can he do 1t? Explain in detaIl. 
How does this fit with the idea that when he is running the 
barn looks even shorter than 10.0 m? 

An atomic clock 1s taken to the North Pole, while another 
stays at the Equator. How far wIll they be out oŸ synchroni- 
zation after 2.0 years has elapsed? [Hm: Use the binomial 
expansion, Appendix A.] 

An airplane travels 1300 km/h around the Earth in a circle 
Of radius essentially equal to that of the Earth, returning 
to the same place. Using special relativity, estimate the 
difference in time to make the trip as seen by Earth and 
by airplane observers. [Himr: Use the binomial expansion, 
Appendix A.] 


[ Search and Learn 


1. 


Determine about how fast Mr Tompkins 1s traveling In the 
Chapter-Opening Photograph. Do you agree with the 
pIcture In terms of the way Mr Tompkins would see the 
world? Explain. [Hn: Assume the bank clock and Stop 
sign facing us are round according to the people on the 
sidewalk.] 


- Examine the experiment of Fig. 26—5 from O¡°s reference 


Írame. In this case, O¡ wIll be at rest and will see the light- 
ning bolt at Bị and B;, before the liphtning bolt at A¡ 
and A;. WIII O¡ recognize that O;, who is moving with 
speed ø to the left, will see the two even(s as simultaneous? 
Explain m detail, drawing diaprams equivalent to Fig. 26—5. 
[Himr: Include length contraction.] 


. Using Example 26-—2 as a guide, show that for objecfs that 


move slowly in comparison to c, the length contraction 
formula is roughly £ « fq(1 — ;ø2/c?). Use this approxi- 
mation to fnd the “length shortening” A£ = f;, — # ofthe 
train in Example 26-6 If the train travels at 100 km/h 
(rather than 0.92c). 


ANSWERS TO EXERCISES 


A: 


B: 
C: 
D: 


(c). 

(a) No; (b) yes. 

80m. 

No: KE/mc? 2x 103. 
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4. 


` 


6. 


In Example 26—5, the spaceshIp 1s moving at 0.90c in the 
horizontal direction relative to an observer on the Earth. 
T instead the spaceship moved at 0.90c directed at 30 
above the horizontal, what would be the painting's 
dimensions as seen by the observer on Earth? 

Protons from outer space crash into the Earths atmosphere 
at a hiph rate. These protons create particles that eventually 
decay into other particles called wøonws. This cosmic debris 
travels through the atmosphere. Every second, dozens of 
muons pass through your body. If a muon is created 30 km 
above the Earth”s surface, what minimum speed and kinetic 
energy must the muon have In order to hit Earth”s surface? 
A muons mean lifetime (at resf) is 2.20 „s and its mass is 
105.7 MeV/c?. 

As a rouph rule, anything traveling faster than about 0.1c 
1S called relafiuisfic——that 1s, speclal relatIivity 1s a sipnificant 
effect. Determine the speed of an electron In a hydrogen 
atom (radius 0.53 x 10”!m) and state whether or not it 
1s relafivistic. (Treat the electron as though 1t were In a 
circular orbit around the proton. See hint for Problem 46.) 


E: 0.030c, same as classical, to an accuracy of better than 


0.1%. 


F: (3đ). 


Electron microscopes (EM) produce images using electrons which have wave properties 
just as light does. Because the wavelength of electrons can be much smaller than that of 
visible light, much greater resolution and magnification can be obtained. A scanning 
electron microscope (SEM) can produce Images with a three-dimensional quality. 

AII EM images are monochromatic (black and white). Artistic coloring has been 
added here, as is common. On the left is an SEM image of a blood clot forming 
(yellow-color web) due to a wound. White blood cells are colored øreen here for 
visibility. On the right, red blood cells in a small artery. A red blood cell travels about 
15 km a day inside our bodies and lives roughly 4 months before damage or rupture. 
Humans contain 4 to 6 liters of blood, and 2 to 3 < 10! red blood cells. 
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Early Quantum Theory 
and Models of the Atom 


CHAPTER-OPENING QUESTION—Guess now! 


Tt has been found experimentally that 
(a) lipht behaves as a wave. 
(b) lipht behaves as a particle. 
(c) electrons behave as particles. 
(đ) electrons behave as waves. 
(e) all of the above are true. 
(_ only (a) and (b) are true. 
(g) only (a) and (c) are true. 
(h) none of the above are true. 


early part of the twentieth century was the quantum theory (the other was 

Einstein”s theory of relativity). Unlike the special theory of relativity, the 
revolution of quantum theory required almost three decades to unfold, and many 
Sclentists contributed to 1ts development. It began in 1900 with Planck”s quantum 
hypothesis, and culminated in the mid-1920s with the theory of quantum 
mechanics of Schrödinger and Heisenberg which has been so effective in explain- 
1ng the structure of matter. The discovery of the electron In the 1890s, with which 
we begin this Chapter, might be said to mark the beginning of modern physIcs, 
and 1s a sOrt OŸ precursor to the quantum theory. 


IK second aspect of the revolution that shook the world of physics in the 
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Screens 


Cathode Giox 


Anode 


=„ Hiph „# 
voltase 
FIGURE 27-1 Discharge tube. In 


some modđels, one of the screens 1s 
the anode (positive plate). 


FIGURE 27-2 Cathode rays 
deflected by electric and magnetic 
fields. (See also Section 17—11 on 
the CRT.) 


27—1 Discovery and Properties of 
the Electron 


Toward the end of the nineteenth century, studies were being done on the 
discharge of electricity through rarefied gases. One apparatus, diaprammed In 
Hig. 27—1, was a glass tube fitted with electrodes and evacuated so only a small 
amount of øas remained Inside. When a very high voltapge was applied to the 
electrodes, a dark space seemed to extend outward from the cathode (negative 
electrode) toward the opposite end of the tube; and that far end of the tube would 
glow. IÝ one or more screens confaining a small hole were Inserted as shown, 
the glow was restricted to a tiny spot on the end of the tube. It seemed as though 
something being emitted by the cathode traveled across to the opposite end of the 
tube. These “somethings” were named cathode rays. 

There was much discussion at the time about what these rays might be. Some 
sclenfists thought they might resemble light. But the observation that the bripht 
spot at the end of the tube could be deflected to one side by an electric or magnetic 
field suggested that cathode rays were charged particles; and the direction of the 
deflection was consistent with a negative charge. Eurthermore, 1Ÿ the tube con- 
tained certain types of rarefied gas, the path of the cathode rays was made visible 
by a slight glow. 

Estimates of the charge e of the cathode-ray particles, as well as of their 
charge-to-mass ratio e/z, had been made by 1897. But in that year, J. J. Thomson 
(1856-1940) was able to measure e/zn directly, using the apparatus shown in 
Fig. 27—2. Cathode rays are accelerated by a high voltage and then pass between 
a palr of parallel plates built into the tube. Another voltage applied to the 
parallel plates produces an electric field E, and a pair of coils produces a 
magnetic field B. If E = B = 0, the cathode rays follow path b in Eig. 27-2. 


High 
voltaøge Electric field 
plates Coils to produce 
magnetic field 


When only the electric field 1s present, say with the upper plate positive, the 
cathode rays are deflected upward as in path a In Fig. 27-2. If only a magnetic 
field exists, say 1nward, the rays are deflected downward along path c. These 
observations are Just what 1s expected for a negatively charged particle. The force 
on the rays due to the magnetic fleld 1s Ƒ = e0, where e is the charge and ? 1s 
the velocity of the cathode rays (Eq. 20-4). In the absence of an electric field, the 
rays are bent Iinto a curved path, and applying Newton% second law # = ma 
with a = centripetal accelerafion g1ves 


euB = m—› 
and thus 

la 

m Br 


The radius of curvature r can be measured and so can 7Ø. The velocity can be 
found by applying an electric field in addition to the magnetic field. The electric 
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field # 1s adjusted so that the cathode rays are undeflected and follow path b 1n 
Hig. 27-2. In this situation the upward force due to the electric field, # = eE, 1s 
balanced by the downward force due to the magnetic field, # = euB. We equate 
the two forces, eE = cu, and find 


¬ 
B 
Combining this with the above equation we have 
e E 
TỶ (27-1) 


The quantities on the right side can all be measured, and although e and # could 
not be determined separately, the ratio e/z could be determined. The accepted 
value today is e/m = 1.76 < 10! C/kg. Cathode rays soon came to be called 
elecfrons. 


Discovery in Science 


The “discovery” of the electron, like many others im sclence, 1s not qulfe so 
Obvious as discovering gold or oil. Should the discovery of the electron be credited 
to the person who first saw a ølow In the tube? Or to the person who first called 
them cathode rays? Perhaps neither one, for they had no conception of the electron 
as we know 1t today. In fact, the credit for the discovery 1s generally given to 
Thomson, but not because he was the first to see the glow In the tube. Rather 1t 
1s because he believed that this phenomenon was due to tiny negatively charged 
particles and made careful measurements on them. Furthermore he argued that 
these particles were consfituents of atoms, and not 1ons or atoms themselves as 
many thoupht, and he developed an electron theory of matter. His view 1s close tO 
what we accept today, and this is why Thomson 1s credited with the “discovery.” 
Note, however, that neither he nor anyone else ever actually saw an electron 1(self. 
We discuss this brlefly, for 1t 1llustrates the fact that discovery 1n science 1s not 
always a clear-cut matter. In fact some philosophers of sclence think the word 
“dđiscovery” 1s often not appropr1ate, such as In this case. 


Electron Charge Measurement 


Thomson believed that an electron was not an atom, but rather a constituent, 
Or part, Of an atom. Convincing evidence for this came soon with the determin- 
aton of the charge and the mass of the cathode rays. Thomsons student 
J. S. Townsend made the first direct (but rough) measurements of e in 1897. But 
1t was the more refined oïl-drop experiment of Robert A. Millikan (1868-1953) 
that yielded a precise value for the charge on the electron and showed that charge 
comes 1n discrete amounts. In this experiment, tiny droplets of mineral oïl carrying 
an electric charge were allowed to fall under gravity between two parallel plates, 
Fig.27—3. The electric field # between the plates was adjusted until the drop was 
suspended in midarr. The downward pull of pravity, zg, was then just balanced by 
the upward force due to the electric field. Thus #2 = 7g so the charge q = mg/E. 
The mass of the droplet was determined by measuring 1ts terminal velocity 1n the 
absence of the electric field. Often the droplet was charged negatively, but some- 
times It was positive, supsesting that the droplet had acquired or lost electrons (by 
friction, leaving the atomizer). Millikans painstaking observations and analysIs pre- 
senfed convincing evidence that any charge was an Integral multiple of a smallest 
charge, e, that was ascribed to the electron, and that the value ofe was 1.6 < 101C, 
This value of e, combined with the measurement of e/7:, gives the mass of the 
electron to be (1.6 x 10!2C)/(1:76 x 10! C/kg) = 9.1 x 10 ”!kg. This mass is 
less than a thousandth the mass of the smallest atom, and thus confirmed the Idea 
that the electron 1s only a part of an atom. The accepted value today for the mass 
Of the electron 1s 


mẹ = 9.11 x 10”! kg. 
The experimental result that any charge 1s an Iintegral multiple of e means that 
electric charge 1s guamfized (exists only in discrete amounfs). 
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FIGURE 27-3 Millikan's oil-drop 
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27-2 Blackbody Radiation; 
Planck's Quantum Hypothesis 


Blackbody Radiation 


One of the observations that was unexplained at the end of the nineteenth cen- 
tury was the spectrum of light emitted by hot obJects. We saw in Section 14-8 
that all obJects emit radiation whose tofal Intensity 1s proportional to the fourth 
power of the Kelvin (absolute) temperature (75) At normal temperafures 
( 300 K), we are not aware of this electromagnetic radiation because of 1ts low 
1ntensity. At higher temperatures, there 1s sufficient infrared radiation that we 
can feel heat If we are close to the object. At stilI hipher temperatures (on the 
order of 1000 K), objects actually glow, such as a red-hot electric stove burner or 
the heating element In a toaster. At temperatures above 2000 K, obJects glow with 
a yellow or whitish color, such as white-hot 1ron and the filament of a lightbulb. 
The light emitted confains a continuous range of wavelengths or frequencies, and 
the spectrum 1s a plot oŸ1ntensity vs. wavelength or frequency. As the temperature 
1ncreases, the electromagnetic radiation emitted by objects not only increases 1n 
total intensity but has 1ts peak 1ntensity at higher and higher frequencIes. 

The spectrum of light emitted by a hot dense obJect 1s shown In Elg. 27—4 for 
an idealized blackbody. A blackbody 1s a body that, when cool, would absorb all 
the radiation falling on it (and so would appear black under reflection when 
illuminated by other sources). The radiation such an idealized blackbody would 
emit when hot and luminous, called blackbody radiation (though not necessarily 
black in color), approximates that from many real obJects. The 6000-K curve In 
FIg. 27—4, corresponding to the temperature of the surface of the Sun, peaks in 
the visible part of the spectrum. For lower temperatures, the total Intensity drops 
considerably and the peak occurs at longer wavelengths (or lower frequencies). 
Thịs 1s why obJecfs glow with a red color at around 1000 K. It is found experimen- 
tally that the wavelength at the peak of the spectrum, Àp, 1s related to the Kelvin 
temperature 7 by 


ÀpT = 2.90 x 10m-K. (27-2) 
This 1s known as Wien?s law. 
EXAMPLE 27-1 | The Sun”s surface temperature. Estimate the tempera- 


ture of the surface of our Sun, ø1ven that the Sun emifs light whose peak Intensity 
OCcurs 1n the visible spectrum at around 500 nm. 
APPROACH We assume the Sun acts as a blackbody, and use Àp = 500nm ¡in 
WIen”s law (Eq. 27-2). 
SOLUTION Wien law gives 

2.90 x 103m-K 2.90 x 103m-K 


T = =  6000K. 
Àp 500 x 10”m 


EXAMPLE 27-2 | Star color. Suppose a star has a surface temperature of 
32,500 K. What color would this star appear? 
APPROACH We assume the star emits radiation as a blackbody, and solve for 
Àp1n Wlien”s law, Eq. 27-2. 
SOLUTION From Wlen”s law we have 


- 2.90 x 10m:K _ 290x10?m-K _ 889 1m 
° T 3.25 x 10K Ï l 


The peak 1s in the UV range of the spectrum, and will be way to the left in 
Fig. 27—4. In the visible region, the curve wIll be descending, so the shortest visible 
wavelenpths will be stronpest. Hence the star will appear bluish (or blue-white). 


NOTE This example helps us to understand why stars have different colors 
(reddish for the coolest stars; orangish, yellow, white, bluish for “hotter” stars.) 


| EXERCISEA What is the color of an object at 4000 K? 


Plancks Quantum Hypothesis 


In the year 1900, Max Planck (1858-1947) proposed a theory that was able to 
reproduce the graphs of Eig. Z7—4. His theory, still accepted today, made a new and 
radIcal assumption: that the energy of the oscillatlons of atoms within molecules 
cannot have just any value; instead each has energy which 1s a multiple of a mini- 
mum value relafed to the frequency of oscillation by 


E_= hƒ. 
Here Ù 1s a new constant, now called Planck? constaní, whose value was 


estimated by Planck by fitting his formula for the blackbody radiation curve to 
experiment. The value accepted today 1s 


h = 6.626 x 10®*]-s. 


Planck”s assumption suggests that the energy of any molecular vibration could be 
only a whole number multiple of hƒ: 

E = HH, n = 1,2,3,', (27-3) 
where 7ø is called a quanfum number (“quantum” means “discrete amount” as 
Opposed to “continuous”). This idea 1s often called Planck?s quanfum hypothesis, 
althouph hittle attention was broupht to this pomt at the time. In fact, 1t appears 
that Planck considered 1t more as a mathematical device to get the “right answer” 
rather than as an Important discovery. Planck himself continued to seek a classical 
explanation for the Introduction of h. The recogmition that this was an Iimportant (a) 
and radical innovation địd not come until later, after about 1905 when others, 
particularly Einstein, entered the field. 

The quantum hypothesis, Eq. 27—3, states that the energy of an oscillator 
can be # = “hƒ, or 2hƒ, or 3ƒ, and so on, but there cannot be vibratlons with 
energIes between these values. That 1s, energy would not be a confinuous quan- 
tity as had been believed for centuries; rather it is quanfized——It exists only 
in discrete amounts. The smallest amount of energy possible (ƒ) 1s called the 
quantum of energy. Recall from Chapter 11 that the energy of an oscillation 1s 
proportional to the amplitude squared. Another way of expressing the quantum (b) 
hypothesis 1s that not just any amplitude of vibration is possible. The possible  FqQURE 27-5 Rsinh geiSus Mai? 
values for the amplitude are related to the frequency ƒ. analoey. (a) On a ramp, a box can have 

A simple analogy may help. Compare a ramp, on which a box can be placed continuous values of potential enersy. 
at any height, to a flight of stairs on which the box can have only certain discret€  (b) But on stairs, the box can have 
amounfs of potential energy, as shown In Fig. 27—5. only discrete (quantized) values of 


27—-3 Photon Theory of Light and " 
the Photbeleerric Effect 


In 1905, the same year that he introduced the special theory of relativity, Einstein 
made a bold extension of the quantum idea by proposing a new theory oÝ lipht. 
Plancks work had suggested that the vibrational energy of molecules 1n a radiat- 
ing oblect 1s quanfized with energy  = øúÙƒ, where 7ø 1s an Integer and ƒ1s the 
frequency of molecular vibration. Einstein argued that when light 1s emitted by a 
molecular oscillator, the molecule”s vibrational energy of hƒ must decrease by an 
amount "ƒ (or by 2hƒ, etc.) to another integer times Jƒ, such as (n — 1)hƒ. Then 
to conserve enersy, the light ought to be emitted 1n packets, or ga, each with 
an energy 


E = Hƒ, (27-4) Photon energy 


where ƒ1s here the frequency of the emitted light. Again h 1s Planck”s constant. 
Because all light ultimately comes from a radiating source, this Idea suggesfs that 
lighf is transtmitted as tiny pariicles, or photons as they are now called, as welÏ as via 
the waves predicted by Maxwell's electromagnetic theory. The photon theory of 
light was also a radical departure from classical ideas. Einstein proposed a test of the 
quantum theory of light: quantitaftive measurements on the photoelectric effect. 


SECTION 27-3 Photon Theory of Light and the PhotoelectricEffect 775 


FIGURE 27-6 The photoelectric 


effect. 


Waue 
theory 


predictions 


'When light shines on a metal surface, electrons are found to be emitted from 
the surface. This effect is called the photoelectric effecf and 1t occurs in many 
materials, but 1s most easily observed with metals. It can be observed using the 
apparatus shown 1n Eig. 27—6. A metal plate P and a smaller electrode C are 
placed imnside an evacuated glass tube, called a photocell. The two electrodes are 
connected to an ammeter and a source of emf, as shown. When the photocell 1s In 
the dark, the ammeter reads zero. But when light of sufficiently hiph frequency 
1lluminates the plate, the ammeter Indicates a current flowing 1n the circuit. We 
explamn completion of the circuit by imagining that electrons, eJected from the 
plate by the impinging light, flow across the tube from the plafte to the “collector” C 
as 1Indicated in Fig. 27—6. 

That electrons should be emitted when light shines on a metal 1s consistenf 
with the electromagnetic (EM) wave theory of lipht: the electric field of an 
EM wave could exert a force on electrons In the metal and eJect some of them. 
Eimstein pointed out, however, that the wave theory and the photon theory of 
light give very different predictions on the details of the photoelectric effect. For 
example, one thing that can be measured with the apparatus of Fig. 27—6 1s the 
maximum kinetic energy (KEmax) of the emitted electrons. This can be done by 
using a variable voltage source and reversing the terminals so that electrode C 1s 
negative and P 1s postfive. The electrons emitted from P will be repelled by the 
negative electrode, but 1f this reverse voltage 1s small enouph, the fastest electrons 
wIll stHI reach C and there will be a current in the circuit. If the reversed voltage 
1S Increased, a poInt 1s reached where the current reaches zero——no electrons 
have sufficlent kinetic energy to reach C. This 1s called the sfopping potenfial, OT 
Sfopping 0oltage, Vụ, and from 1ts measurement, KE,a„ can be determined using 
conservation of enerøy (loss of kinetic energy = gan ¡n potential energy): 


KEmay = €ŸQ. 


Now let us examine the details of the photoelectric effect from the point of 
view Of the wave theory versus EInstein”s particle theory. 

First the wave theory, assuming monochromatic lipht. The two Iimportant 
properties of a light wave are is Intensify and 1s frequency (or wavelenpth). When 
these two quanftities are varied, the wave theory makes the following predictions: 


1. If the light intensity 1s Increased, the number of electrons ejected and therr 
maxinum kinetic energy should be Increased because the higher Intensity 
means a greater electric field amplitude, and the greater electric field should 
eject electrons with higher speed. 

2. The frequency of the hght should not affect the kinetic energy of the eJected 
electrons. Only the Intensity should affect KEmax. 


The photon theory makes completely different predictions. First we note that 
in a monochromatic beam, all photons have the same energy (= Jƒ). Increasing 
the Intensity of the light beam means Increasing the number of photons 1n the 
beam, but does not affect the energy of each photon as long as the Írequency 1s 
not changed. According to Einstein”s theory, an electron 1s eJected from the metal 
by a collision with a single photon. In the process, all the photon energy 1s ftrans- 
ferred to the electron and the photon ceases to exist. Since electrons are held in 
the metal by attractive forces, some minimum energy Wạ 1s required just to get 
an electron out throuegh the surface. Wạ 1s called the work funcfion, and 1s a few 
electron volts (1eV = 1.6 x 10”]) for most metals. If the frequency ƒ of the 
incoming light 1s so low that ñƒ 1s less than Wạ, then the photons wIll not have 
enough enersy to ejJect any electrons at all. If hƒ > Wạ, then electrons will be 
ejected and energy will be conserved in the process. That is, the input energy (of 
the photon), 1ƒ, will equal the outpoïng kinetic energy KE of the electron plus the 
enerøy required to get 1t out of the metal, W: 


hƒ = KE+W. (27-5a) 
The least tightly held electrons will be emitted with the most kinetic energy (KEmay). 
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in which case W ¡n this equation becomes the work function W, and KE 
becomes KEuay : 


hƒ = KEmay, + Mạ. [least bound electrons] (27-5b) 


Many electrons will require more energy than the bare minimum (W) to get out 
of the metal, and thus the kinetic energy of such electrons wIll be less than the 
maximum. 

From these considerations, the photon theory makes the following predictions: 


1. An increase In Intensity of the light beam means more photons are incident, 
so more electrons will be eJected; but since the energy of each photon 1s nof 
changed, the maxinum kinetic energy of electrons 1s not changed by an 
1nCT€ase 1n 1nfensIty. 


2. Ifthe frequency of the light is Increased, the maximum kinetic energy of the 
electrons Increases linearly, according to Eq. 27—5b. That 1s, 


KEmax = hƒ — Mạ. 
Thịs relationship 1s plotted in Hg. 27—7. 


3. If the frequenecy ƒ1s less than the “cutoff” frequency ƒạ, where hp = Wạ, no 
electrons will be ejected, no matter how great the Intensity of the light. 


These predictions of the photon theory are very different from the predictions 
Of the wave theory. In 1913—1914, careful experiments were carried out by R. A. 
Millikan. The results were fully in asreement with Einstein”s photon theory. 

One other aspect of the photoelectric effect also confirmed the photon 
theory. If extremely low light mtensity 1s used, the wave theory predicts a time 
delay before electron emission so that an electron can absorb enough energy to 
exceed the work function. The photon theory predicts no such delay—It only 
takes one photon (ïf its frequency is hiph enough) to eject an electron—and 
experiments showed no delay. This too confirmed Einstein”s photon theory. 


EXAMPLE 27-3 | Photon energy. Calculate the energy of a photon of blue 
light, À = 450nm ïn aïir (or vacuum). 


APPROACH The photon has enerey E = hƒ (Eq. 27-4) where ƒ = c/À 
(Eq.22-4). 

SOLUTION Since ƒ = c/À, we have 

he — (663 x 10*J-s)(3.00 x 10m/$) 
À (4.5 x 107m) 


or (4.4 10°1)/(1.60 x 10''J/eV) =2.8eV. (See definiion of eV in 
Section 17-4, 1eV = 1.60 x 10”J.) 


E = hƒ = = 44x10], 


EXAMPLE 27-4  ESTIMATE | Photons from a lightbulb. Estimate how 
many visible light photons a 100-W lightbulb emits per second. Assume the bulb 
has a typIcal efficiency of about 3% (that is, 97% of the energy goes to heat). 


APPROACH Let' assume an average wavelength in the middle of the visible 
spectrum, À + 500nm. The energy of each photon is  = hƒ = hc/AÀ. Only 
3% of the 100-W power is emitted as visible light, or 3W = 3J/s. The number 
of photons emitted per second equals the lipght output of 3J/s divided by 
the energy of each photon. 

SOLUTION The energy emitted in one second (= 3 ])1s # = Nhƒ where N1s 
the number of photons emitted per second and ƒ = c/À. Hence 

E EÀ (31)(500 x 10 ”m) 


N K, 8% 108 
hƒ he (6.63 x 10 *“J-s)(3.00 x 10Ỷ®m/s) 


per second, or almost 10? photons emitted per second, an enormous number. 
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FIGURE 27-7 Photoelectric effect: 
the maximum kinetic energy of 
ejected electrons Increases linearly 
with the frequency of incident light. 
No electrons are emitted If ƒ < ƒọ. 
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EXERCISE B A beam contains ¡infrared light( of a sinple wavelength, 1000nm, and 
monochromatic UV at 100 nm, both of the same Intensity. Are there more 100-nm photons 
or more 1000-nm photons? 


Photoelectron speed and energy. What ¡s the kinetic 
energy and the speed of an electron eJected from a sodium surface whose work 
function Is W = 2.28eV when illuminated by light of wavelength (2) 410 nm, 
(b) 550nm? 

APPROACH We first find the energy of the photons (E = hƒ = hc/À). If the 
enerøy 1s preater than Mạ, then electrons will be ejected with varying amounfs 
Of KE, with a maximum oŸ KEmay = hƒ — Mụ. 


SOLUTION (a) For À = 410nm, 


h 
hƒ = nã = 485x10J or 303eV. 


The maximum kinetic energy an electron can have 1s given by Eq. 27-5b, 
KEma„ = 3.03eV — 228eV =0.75eV, or (0.75eV)(1.60 x 10?1/eV) = 
1.2 x 107]. Since KE = ‡/mˆ where zm = 9.1 x 10”!kg, 


2KE 
Đmạy “ A|Tm = 5.1 x 107m/s. 


Most ejected electrons wIll have less KE and less speed than these maximum 
values. 

(b) For À = 550nm, hƒ = he/À = 3.61 x 10!?J = 2.26 eV. Since this photon 
energy 1s less than the work function, no electrons are eJected. 

NOTE In (2) we used the nonrelativistic equation for kinetic energy. If ø had 
turned out to be more than about 0.1c, our caleulation would have been inaccurate 
by more than a percent or so, and we would probably prefer to redo 1t using the 
relativistic form (Eq. 26-5). 


EXERCISE € Determine the lowest frequency and the longest wavelength needed to 
emit electrons from sodium. 


By converting units, we can show that the energy of a photon In electron 
volts, when given the wavelength À in nm, 1s 
1/240 x 101eV:nm. 

À (nm) 


E(eV) = [photon energy in eV] 


Applications of the Photoelectric Effect 


The photoelectric effect, besides playing an Important historical role In confirm- 
1ng the photon theory of light, also has many practical applications. Burglar alarms 
and automatic doors often make use of the photocell circuit of Eig. 27—6. When 
a person Imnterruptfs the beam of lipht, the sudden drop In current In the circuIt 
acfivates a switch—often a solenoid—which operates a bell or opens the door. 
UV or IR hght 1s sometimes used in burglar alarms because oŸ is invisibility. Many 
smoke detectors use the photoelectric effect to deftect tiny amounts of smoke 
that Interrupt the flow of lipht and so alter the electric current. Photographic light 
Ñ meters use this circuit as well. Photocells are used in many other devices, such as 
Ẫ : Photocell absorption spectrophotometers, to measure light intensity. One type of film sound 
ụ track 1s a variably shaded narrow section at the side of the film, Eig. 27—8. Lipht 
passing through the film 1s thus “modulated,” and the output electrical sipnal 
of the photocell detector follows the frequencies on the sound track. For many 
applications today, the vacuum-tube photocell of Hig. 27—6 has been replaced by a 
semiconductor device known as a phofodiode (Section 29—9). In these semicon- 
ductors, the absorption of a photon liberates a bound electron so 1t can move 
f{reely, which changes the conductivity of the material and the current through a 
photodiode 1s altered. 


FIGURE 27-8 Optical sound track 
on movie film. In the proJector, lipht 
from a small source (different from 
that for the picture) passes through 
the sound track on the moving film. 
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27-4 Energy, Mass, and 
Momentum of a Photon 


We have just seen (Eq. 27-4) that the total energy of a single photon ïs øg1ven by 
E = hƒ. Because a photon always travels at the speed of light, 1t 1s truly a rela- 
tivistic particle. Thus we must use relativistic formulas for dealing with 1ts mass, 
energy, and momentum. The momentum of any particle of mass 7 1s gIven by 
p= mu/A/1 — 0°/c?. Since  = c for a photon, the denominator is zero. To 
avoid having an Infinite momentum, we conclude that the photon”s mass must be 
zero:  = 0. This makes sense too because a photon can never be at rest (1t 
always moves at the speed of light). A photon”s kinetic energy ïs Its total energy: 


KE = È = HỆ. [photon] 
The momentum of a photon can be obtained from the relativistic formula 
(Eq.26-9) E7 = pc? + mc! where we set mm = 0, so E? = pc? or 

p=— [photon] 


Since È = “hƒ for a photon, Ifs momentum 1s related to 1ts wavelength by 


¬ - hƑ — h lờfcÓ 


EXAMPLE 27-6 | ESTIMATE | Photon momentum and force. SŠSuppose the 
10!” photons emitted per second from the 100-W lightbulb in Example 27—4 were 


all focused onfo a piece of black paper and absorbed. (z) Calculate the momentum 
of one photon and (b) estimate the force all these photons could exert on the 
pADeT. 

APPROACH Each photon's momentum ¡s obtained from Eq. 27-6, p = jJ/À. 
Next, cach absorbed photons momentum changes from p = J/À to zero. We 
use Newton”s second law,  = Ap/Ai, to get the force. Let À = 500nm. 


SOLUTION (2z) Each photon has a momentum 
— h _ 663Xx10]-s 
À 500 x 10”m 
(b) Using Newton”s second law for W = 10” photons (Example 27-4) whose 
momentum changes from #/À to 0, we obtain 


Ap _ Nh/À_— 0 - h 19 ,—1 ~27 —8 
Nị IẾP NT uy (10”s ?(10” kg-m/s) + 10N. 
NOTE Thịs is a tiny force, but we can see that a very strong light source could 
exert a measurable force, and near the Sun or a star the force due to photons in 
electromagnetic radiation could be considerable. See Section 22~6. 


= 13 X 10 ”ke:m/s, 


F.= 


Photosynthesis. In po/osynthesis, pigments such as 
chlorophyll in plants capture the energy of sunlight to change CO; to useful 
carbohydrate. About nine photons are needed to transform one molecule of COz 
to carbohydrate and O;. Assuming lipht of wavelength À = 670 nm (chlorophyll 
absorbs most stronply in the range 650 nm to 700 nm), how efficient is the 
photosynthetic process? The reverse chemical reaction releases an energy of 
4.9 eV/molecule of CO;, so 4.9 eV ¡is needed to transform CO; to carbohydrate. 
APPROACH The efficlency 1s the minimum energy required (4.9 eV) divided 
by the actual energy absorbed, nine times the energy (ƒ) of one photon. 
SOLUTION The enerey of nine photons, each of enerey hƒ = Jhc/À, is 
(9)(6.63 x 10'32J-s)(3.00 x 10®m/s)/(6.7 x 10”m) = 27x10 'J or 17eV. 
Thus the process is about (4.9eV/17eV) = 29% efficient. 


Â*CAUTION 


Momentum oƒ phot†on is nOt 0 


Photosynthesis 
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*27-5 Compton Effect 


BEFORE AFTER Besides the photoelectric effect, a number of other experimenfs were carried out 
COLMBION CƠILLHION 1n the early twentieth century which also supported the photon theory. One of 
Y‡ Scattered these was the Compton effect (1923) named after its discoverer, A. H. Compton 

photon (Â)) (1892—1962). Compton aimed short-wavelength lipht (actually X-rays) at various 
E9: A) materials, and detected light scattered at various angles. He found that the scattered 
f2 3 216 light had a slipghtly longer wavelength than did the incident light, and therefore a 
Eleetfoh slightly lower frequency Indicating a loss of energy. He explained this result on the 

a{ reSt basis of the photon theory as incident photons colliding with electrons of the 


1mtlally 


material, Hg. 27-9. Using Eq. 27-6 for momentum of a photon, Compton applied 
the laws of conservation of momentum and energy to the collision of Eig. 27—9 


ĐI UNE 27-3 The Compton €ffoet.. and đerivedthe following equation for the wavelength of the scattered photons: 
A sinple photon of wavelength À h 
cos j), 


strikes an electron in some material, À  =À+ q 
knocking 1t out of 1ts atom. The Tmrẹc 
scattered photon has less energy 
(some enerøy Is ø1ven to the 
electron) and hence has a longer 
wavelength À' (shown exaggerated). 
Experiments found scattered X-rays 
ofJust the wavelengths predicted by 
conservation of energy and 
momentum using the photon model. 


(27-7) 


where 7, is the mass of the electron. (The quantity h/m„c, which has the dimen- 
sions of length, is called the Comptfon wavelength of the electron.) We see that 
the predicted wavelength of scattered photons depends on the angle j@ at which 
they are detected. Compton's measurements of 1923 were consistent with this 
formula. The wave theory of light predicts no such shift: an incoming electro- 
magnetic wave of frequency ƒ should set electrons Into oscillation at frequency ƒ; 
and such oscillating electrons would reemit EM waves of this same frequency ƒ 
(Section 22-2), which would not change with angle (@). Hence the Compton 
effect adds to the firm experimental foundation for the photon theory of light. 


EXERCISED_ When a phofon scatters off an electron by the Compton effect, which of 
the following Increases: 1ts energy, frequency, wavelength? 


EXAMPLE 27-8 | X-ray scattering. X-rays of wavelength 0.140 nm are 
scattered from a very thin slice of carbon. What wIll be the wavelengths of X-rays 
scattered at (2) 0°, (b) 90°, (c) 18072 
APPROACH This is an example of the Compton effect, and we use Eq. 27—7 to 
ñind the wavelengths. 


SOLUTION (a) For @ =0”, cosở = 1 and 1 — cos¿@ =0. Then Eq.27-7 
gIves Àˆ = À = 0.140nm. This makes sense since for  = 0”, there really 1sn't 
any collision as the photon goes straight through without Interacting. 


(b) For ¿ = 90”, cosở = 0, and 1 — cosở = 1. So 
.63 x 10*⁄J: 
T— = 0140nm + .. 
(9.11 x 10”! kg)(3.00 x 10m/s) 
0.140nm + 2.4 10m = 0.142nm; 


that is, the wavelength is longer by one Compton wavelength (= h/mạc? 
= 0.0024nm for an electron). 


À+ 
THẹC 


(c) For ở = 180°, which means the photon 1s scattered backward, returning in 
the direction from which 1t came (a direct “head-on” collision), cos = —1, 
and 1 — cos¿@ = 2. So 


À+2 ¿ = 0.145 nm. 


e 


À'= 


0.140nm + 2(0.0024nm) = 


NOTE The maximum shift in wavelength occurs for backward scattering, and it 
1S twice the Compton wavelength. 


The Compton effect has been used to diagnose bone disease such as osteOpOTO- 
sis. Gamma rays, which are photons of even shorter wavelength than X-rays, coming 
from a radioactive source are scattered off bone material. The total intensity of 
the scattered radiation 1s proportional to the density of electrons, which 1s In turn 
proportional to the bone density. A low bone density may 1ndicate OsteOpOTOSIS. 


€@Òpnvsics APPLIED 
Measuring bone density 
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27G Photon Interactions; Pair Production 


'When a photon passes through matter, 1t Interacts with the atoms and electrons. 
There are four Important types of interactions that a photon can undergo: 


1. The phofoelectric eƒffecf: A photon may knock an electron out of an atom and 
1n the process the photon disappears. 
2.. The photon may knock an atomic electron to a higher energy stafe in the atom 1f 
1{s enerøy 1s not sufficlent to knock the electron out altogether. In this process e† 
the photon also disappears, and all 1ts energy 1s øiven to the atom. Such an 
atom 1s then said to be 1n an excifed sfare, and we shall điscuss It more later. 


3. The photon can be scattered from an electron (or a nucleus) and in the Photon 
process lose some energy; this 1s the Cøzrpfon eƒffect (Eig. 27-9). But notIce R 
that the photon 1s not slowed down. It still travels with speed c, but 1ts @ 
frequency will be lower because ït has lost some energy. TYUẾNEM) 
A.. Pair production: A photon can actually create matter, such as the production c~ 
of an electron and a positron, Eig. 27—10. (A positron has the same mass as  FIGURE 27-10 Pair production: 
an electron, but the opposite charge, +. ) a photon disappears and produces an 


In process 4, pair producfion, the photon disappears in the process of creating SEO HAUSUPDRDTEIE 


the electron—positron pa1r. This 1s an example of mass being created from pure 
energy, and it occurs in accord with Einstein's equation E = zc”. Notice that a 
photon cannot create an electron alone since electric charge would not then be 
conserved. The Inverse oŸ palr producfion also OCcurs: 1Ÿ a positron comes close to 
an electron, the two quickly annihilate each other and therr enersy, including 
their mass, appears as electromagnetic energy of photons. Because posItrons are 
not as plenfiful in nature as electrons, they usually do not last long. 

Electron-positron annihilation 1s the basis for the type of medical imaging 
known as PETT, as discussed In Section 31-8. 


EXAMPLE 27-9 | Pair production. (z) What ¡is the minimum energy of a 
photon that can produce an electron-positron pair? (b) What ¡is this photon”s 
wavelensth? 


APPROACH The minimum photon energy # equals the rest energy (zwc”) of 
the two particles created, via Einstein's famous equation # = zc” (Eq. 26-7). 
There 1s no energy left over, so the particles produced will have zero kinetic 
enerøsy. The wavelength is À = c/ƒ where # = Jhƒ for the original photon. 


SOLUTION (2) Because # = mc”, and the mass created is equal to two electron 
masses, the photon must have energy 

E = 2911 x 10”!kg)(3.00 x 10Ẻm/s} = 1.64 x 103] = 1/02MeV 
(1 MeV = 10°eV = 1.60 x 10”). A photon with less energy cannot undergo 
pAIr production. 
(b) Since E = hƒ = hc/À, the wavelength of a 1.02-MeV photon is 


h 6.63 x 10*J-s)(3.00 x 10Ẻm/s 
)_ sec X ha 2 - 12x 102m, 
E (164 x 10781) 
which 1s 0.0012 nm. Such phofons are in the gamma-ray (or very short X-ray) 
region of the electromagnetic spectrum (Eig. 22-8). 


NOTE Photons of higher energy (shorter wavelength) can also create an electron— 
poSIfron parr, with the excess energy becoming kinetic energy of the particles. 


Pair production cannot occur 1n empty space, for momentum could not be con- 
served. In Example 27—9, for instance, energy 1s conserved, but only enough energy 
was provided to create the electron—posifron parr at rest and thus with zero momen- 
tum, which could not equal the Imitial momentum of the photon. Indeed, 1t can be 
shown that at any energy, an additional massive ob]ect, such as an atomic nucleus 
(Eig. 27-10), must take part in the interaction to carry off some of the momentum. 
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FIGURE 27-11 Niels Bohr (right), 
walking with Enrico Fermi along the 
Appian Way outside Rome. This 
photo shows one Important way 
physIcs 1s done. 


SÊŠ*CAUTION 

Noi correct to say lighi is a t0aUe and/or 

a particle. Light can act like a tuaUe or 
like a particle 


de Broglie tuauelength 


27—Z7 Wave-Particle Duality; the 
Principle of Complementarity 


The photoelectric effect, the Compton effect, and other experiments have placed 
the particle theory of light on a firm experimental basis. But what about the classic 
experimenfs of Young and others (Chapter 24) on interference and diffraction 
which showcd that the wave theory of light also rests on a firm experimental basis? 

We seem to be In a dilemma. Some experiments indicate that light behaves like 
a wave; others indIcate that 1t behaves like a stream of particles. These two theories 
seem to be incompatible, but both have been shown to have validity. Physicists 
finally came to the conclusion that this duality of light must be accepted as a 
fact of life. It is referred to as the wave-particle duality. Apparently, light 1s a 
more complex phenomenon than Just a simple wave or a simple beam of particles. 

To clarify the situation, the great Danish physicist Niels Bohr (1885-1962, 
Fig. 27-11) proposed his famous principle of complemenfarify. It states that to 
understand an experiment, sometimes we find an explanation using wave theory 
and sometIimes using particle theory. Yet we must be aware of both the wave and 
particle aspectfs of light If we are to have a full understanding of light. Therefore 
these two aspects of light complement one another. 

Tt 1s not easy to “visualize” this duality. We cannot readily picture a combina- 
tion of wave and particle. Instead, we must recogrn1ze that the two aspectfs of light 
are different “faces” that light shows to experimenIters. 

Part of the difficulty stems from how we think. Visual pictures (or models) in 
our minds are based on what we see 1n the everyday world. We apply the 
concepfs of waves and particles to light because 1n the macroscopIc world we see 
that energy 1s transferred from place to place by these two methods. We cannot 
see directly whether light 1s a wave or particle, so we do Indirect experiments. To 
explain the experiments, we apply the models oŸ waves or oŸ particles to the 
nature of light. But these are abstractions of the human mind. When we try to 
conceive of what light really “is,” we Insist on a visual picture. Yet there 1s no 
reason why lipht should conform to these models (or visual images) taken from 
the macroscopic world. The “true” nature of lipht—1f that means anything—1s 
not possible to visualize. The best we can do 1s recognize that our knowledge 1s 
limited to the indirect experiments, and that in terms of everyday language and 
1maøes, light reveals both wave and particle propertIes. 

lt is worth noting that Einstein's equation  = “hƒ 1tself links the particle 
and wave properties of a light beam. In this equation, E refers to the energy of a 
particle; and on the other side of the equation, we have the frequency ƒ of the 
corresponding wave. 


27-8 Wave Nature of Matter 


In 1923, Louis de Broglie (1892-1987) extended the idea of the wave—particle 
duality. He appreciated the sywneíry 1n nature, and argued that 1f light some- 
times behaves like a wave and sometimes like a particle, then perhaps those things 
1n nature thought to be particles——such as electrons and other material objJects—— 
might also have wave properties. De Broglie proposed that the wavelength of a 
material particle would be related to 1s momentum 1n the same way as for a photon, 
Eq. 27-6, p = h/À. That is, for a particle having linear momentum ?ÿ = 7, 
the wavelength À 1s gIven by 


À =_— (27-8) 
and is valid classically (p = m for << c) and relativistically (p = Yzz» = 


m0/4/1 — 0Ẻ/c?). This is sometimes called the de Broglie wavelength of a 
particle. 
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EXAMPLE 27-10 | Wavelength of a ball. Calculate the de Broglie wavelength 
of a 0.20-kg ball moving with a speed of 15 m/s. 
APPROACH We use Eq. 27-8. 
h h (66x 1071-s) 


LUTION À =— = = = 2.2 x 10“ m,. 
Đ P0 LÚC: p m0 (020kg)(15m/s) = 


Ordinary objects, such as the ball of Example 27—10, have unimaginably small 
wavelensgths. Even ¡f the speed is extremely small, say 10 “m/s, the wavelength 
would be about 10 ””m. Indeed, the wavelength of any ordinary object is much 
too small to be measured and detected. The problem 1s that the propertles of 
waves, such as Interference and diffraction, are sipgnificant only when the s1ze of 
obJects or slits 1s not much larger than the wavelength. And there are no known 
objects or slits to diffract waves only 10 ”®°m long, so the wave properties of 
ordinary objectfs go undetected. 

But tiny elementary particles, such as electrons, are another matter. Since 
the mass # appears In the denominator of Eq. 27—8, a very small mass should 
have a much larger wavelength. 


EXAMPLE 27-11 | Wavelength of an electron. Determine the wavelength 
of an electron that has been accelerated through a potential difference of 100 V. 


APPROACH Tf the kinetic energy is much less than the rest energy, we can use 
the classical formula, KE = ÿz2ˆ (see end of Section 26-9). For an electron, 
mc” = 0.511 MeV. We then apply conservation of energy: the kinetic energy 
acquired by the electron equals 1s loss in potential energy. After solving for ?, 
we use Eq. 27—8 to find the de Broglie wavelength. 

SOLUTION The gain ¡in kinetic energy equals the loss in potential energy: 
APE=eVf —0. Thus KE=eW, so KE= 100eV. The ratio KE/0mcF = 
100eV/(0.511 x 10®eV) 10 ', so relativity is not needed. Thus 


2 mờ? = eV 
nh (2)(1.6 x 10””€)(100 V) 
2 : 
p na” e N : = 5.9 x 105m/s. 
m (9.1 x 10”3!kg) 
Then 
h (6.63 < 10 3J-s) 
À= " = =1 2. TỮ “ m, 
mo (9.1 10*”kg)(5.9 x 105m/) 
or 0.12 nm. 


EXERCISE E As a particle travels faster, does ¡is de Broglie wavelength decrease, 
Increase, or remain the same? 


EXERCISE F Return to the Chapter-Opening Ouestion, page 771, and answer it again 
now. Try to explain why you may have answered differently the first time. 


Electron Diffraction 


From Example 27—11, we see that electrons can have wavelengths on the order 
of 10'°m, and even smaller. Although small, this wavelength can be detected: 
the spacing of atoms in a crystal is on the order of 10!°m and the orderly array 
Of atoms 1n a crystal could be used as a type of diffraction grating, as was done 
earlier for X-rays (see Section 25-11). C. J. Davisson and L. H. Germer per- 
formed the crucial experiment: they scattered electrons from the surface of a metal 
crystal and, in early 1927, observed that the electrons were scattered into a pattern 
Of regular peaks. When they Interpreted these peaks as a diffraction pattern, the 
wavelength of the diffracted electron wave was found to be Just that predicted by 
de Broglie, Eq. 27—8. In the same year, G. P. Thomson (son oŸ J. J. Thomson) used 
a different experimental arrangement and also detected diffraction of electrons. 
(See Eig.27—12. Compare It to X-ray diffraction, Section 25—11.) Later experiments 
showed that protons, neutrons, and other particles also have wave pTODeTfies. 


FIGURE 27-12 Diffraction pattern 
of electrons scattered from 
aluminum foil, as recorded on film. 
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FIGURE 27-13 Example 27-12. 
The red dots represent atoms In an 
orderly array In a solid. 


Thus the wave—particle duality applies to material obJects as well as to lipht. 
The principle of complementarity applies to matter as well. That 1s, we must be 
aware of both the particle and wave aspecfs 1n order to have an understanding of 
matter, Including electrons. But again we must recogn1ze that a visual picture ofa 
“wave—particle” 1s not possIble. 


Electron diffraction. The wave nature of electrons is mani- 
fested In experiments where an electron beam I1nteracts with the atoms on the 
surface of a solid, especially crystals. By studying the angular distribution of the 
điffracted electrons, one can 1ndirectly measure the geometrical arrangement of 
atoms. Assume that the electrons strike perpendicular to the surface of a solid 
(see Fig. 27—13), and that their energy is low, KE = 100eV, so that they Interact 
only with the surface layer of atoms. If the smallest angle at which a diffraction 
maximum occurs 1s at 24°, what 1s the separation đ between the atoms on the 
surface? 


SOLUTION Treating the electrons as waves, we need to determine the condi- 
tion where the difference In path traveled by the wave diffracted from adjacent 
afom§s 1s an Integer multiple of the de Broglie wavelength, so that constructive 
Iinterference occurs. The path length difference 1s đ sin 0 (Eig. 27—13); so for the 
smallest value of Ø we must have 


đsin0 = À. 


However, À Is related to the (non-relativistic) kinetic enerey KE by 


2 2 
h 
KE = = $ 
2m, 2m, À7 
Thus 
h 
À= 


\⁄2m,KE 


(6.63 x 10*J-s) 
\⁄2(9.11 x 10'3!kg)(100 eV)(1.6 x 10ˆ'°J/eV) 
The surface Inter-atomic spacing 1s 


À 0.123 nm 
đ :=:— = : = 0.30nm. 
sin Ø sin 24° 


=_ 0.123nm. 


NOTE Experiments of this type verIfy both the wave nature of electrons and 
the orderly array of atoms 1n crystalline solids. 


'What Is an Electron? 


We might ask ourselves: “What 1s an electron?” The early experiments of 
J. J. Thomson (Section 27—1) indicated a glow in a tube, and that glow moved when 
a magnetfic field was applhied. The results of these and other experiments were best 
1nterpreted as being caused by tiny negatively charged particles which we now call 
electrons. No one, however, has actually seen an electron directly. The drawings we 
sometimes make of electrons as tiny spheres with a negative charge on them are 
merely convenient pictures (now recognized to be inaccurate). Again we must rely 
on experimental results, some of which are best Interpreted using the particle 
model and others using the wave model. 'These models are mere pictures that we 
use to extrapolate from the macroscopic world to the tiny microscopic world of 
the atom. And there 1s no reason to expect that these models somehow reflect the 
realify of an electron. We thus use a wave or a particle model (whichever works 
best in a situation) so that we can talk about what is happening. But we should not 
be led to believe that an electron ¿s a wave or a particle. Instead we could say that 
an electron 1s the set OŸ 1fs properties that we can measure. Bertrand Russell said 
1t well when he wrote that an electron 1s “a logIcal consfruction.” 
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27-9 Electron Microscopes 


The idea that electrons have wave properfies led to the development of the 
electron microscope (EM), which can produce Images of much greater magnIfi- 
cation than a lipht microscope. Figures 27—14 and 27—15 are diaprams of two fypes, 
developed around the middle of the twentieth century: the transmission elecfron 
microscope (TEM), which produces a two-dimensional Image, and the seanning 
elecfron microscope (SEM), which produces Images with a three-dimensional quality. 


Hot filament (source of electrons) 


High 
voltage 
E7/I\ Condensing 
“lens” 
: FIGURE 27-14 Transmission electron 
‡ Specimen R BAN : 
microscope. The magnetic field coils 
are designed to be “magnetic lenses,” 
¬- which bend the electron paths and 
ObJective bưing tem tõ:a Ý h Th 
“lens” ring them to a focus, as shown. The 
Sensors of the Imagøe measure electron 
T intensity only, no color. 
ProJection 
“lens” 
(eyeplece) 


Image (on screen, film, 
or semiconductor detector) 


In both types, the obJective and eyeplece lenses are actually magnetic fñields that 
exert forces on the electrons to bring them to a focus. The fields are produced by 
carefully designed currenf-carrying coils of wire. Photographs using each type are 
shown 1n Fig. 27—16. EMs measure the Intensity of electrons, producing mono- 
chromatic photos. Color 1s often added artificially to highlight. 


As điscussed in Sections 25-7 and 25-8, the maximum resolution of details 
on an object 1s about the size of the wavelength of the radiation used to view 1t. 
Electrons accelerated by voltages on the order of 10”V have wavelengths of 
about 0.004 nm. The maximum resolution obtainable would be on this order, but 
1n practice, aberrations 1n the magnetic lenses limit the resolution 1n transmission 
electron microscopes to about 0.1 to 0.5 nm. Thĩs 1s still 1000 times better than a 
visible-light microscope, and corresponds to a useful magnification of about a 
million. Such magnifications are difficult to achieve, and more common magnIfi- 
cations are 10 to 10”. The maximum resolution of a scanning electron microscope 
1s less, typIcally Š to 10 nm although new high-resolution SEMs approach 1 nm. 
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FIGURE 27-15 Scanning electron 
microscope. Scanning coils move an 
electron beam back and forth across 
the specimen. Secondary electrons 
produced when the beam strikes the 
specimen are collected and their 
1ntensIty affects the briphtness of 
pIxels In a monifor to produce a 
pIcture. 


FIGURE 27-16 Electron micrographs, 
in false color, of (a) viruses attacking 
a cell of the bacterium #2scherichia 
coi (TEM, > 50,000X). (b) Same 
subject by an SEM (+ 35,000). 

(c) SEM image of an eye”s retina 
(Section 25—2); the rods and cones 
have been colored beige and green, 
respectively. Part (c) ¡s also on the 
cover of this book. 
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FIGURE 27-17 The probe tip of a 
scanning tunneling electron 
mICTOSCOD€, as If 1s moved 
hor1zontally, automatically moves up 
and down to mainfain a constant 
tunneling current, and this motion 1s 
translated into an Iimage of the 
surface. 


FIGURE 27-18 Plum-pudding 
model of the atom. 
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FIGURE 27-19 Experimental setup 
for Rutherford”s experiment: 

œ particles emitted by radon are 
deflected by the atoms of a thin metal 
foil and a few rebound backward. 


The scanning tunneling electron microscope (STM), developed in the 1980s, 
contains a tiny probe, whose tip may be only one (or a few) atoms wide, that 1s 
moved across the specimen to be examined In a series of linear passes. The tip, as 
1{ scans, remains very close to the surface of the specimen, about 1 nm above 1t, 
Hig. 27-17. A small voltage applied between the probe and the surface causes 
electrons to leave the surface and pass through the vacuum to the probe, by a 
process known as /wwweling (discussed In Section 30-12). This “tunneling” 
CUrrenf 1s very sensitive to the gap width, so a feedback mechanism can be used 
to raise and lower the probe to mainfain a constant electron current. The probe”s 
vertical motion, following the surface of the specimen, 1s then plotted as a 
function of position, scan after scan, producing a three-dimensional Image of the 
surface. Surface features as fine as the s1ze of an atom can be resolved: a resolu- 
tion better than 50 pm (0.05 nm) laterally and 0.01 to 0.001 nm vertically. Thịs 
kind of resolution has øg1ven a great impetus to the study of the surface structure 
of materials. The “topographic” image of a surface actually represents the 
distribution of electron charge. 

The afomic force microscope (AFM), developed in the 1980s, is in many 
ways similar to an STM, but can be used on a wider range of sample materials. 
Instead of detecting an electric current, the AFM measures the force between a 
cantilevered tiịp and the sample, a force which depends stronply on the 
tip-sample separation at each poimt. The tip 1s moved as for the ŸM. 


27-10 Early Models of the Atom 


The idea that matter 1s made up oŸ atoms was accepted by mosf scientists by 1900. 
'With the discovery of the electron 1n the 1890s, sclentists began to think of the atom 
1(self as having a structure with electrons as part of that structure. We now discuss 
how our modern view of the atom developed, and the quantum theory with which 
1t is intertwined.” 

A typical model of the atom in the 1890s visualized the atom as a homogene- 
ous sphere of posifive charge Inside of which there were tiny negatively charged 
electrons, a little like plums In a pudding, Eig. 27— 18. 

Around 1911, Ernest Rutherford (1871—1937) and his colleagues performed 
experiments whose results contradicted the plum-pudding model of the atom. In 
these experiments a beam of positively charged alpha (œ) particles was directed 
at a thin sheet of metal foil such as gold, Fig. 27-19. (These newly discovered 
œ particles were emitted by certain radioactive maferials and were soon shown 
to be doubly Ionized helium atoms—that 1s, having a charge of +2.) It was 


Viewing screen 


lì 


Source 
containing 
radon 


expected from the plum-pudding model that the alpha particles would not be 
deflected significantly because electrons are so much lighter than alpha particles, 
and the alpha particles should not have encounfered any massive concenftration 
OŸ positive charge to strongly repel them. The experimental results completely 
confradicted these predictions. It was found that most of the alpha particles 
passed through the foil unaffected, as 1Ÿ the foil were mostly empty space. 
TSome readers may say: “Tell us the facts as we know them today, and don't bother us with the histor- 
ical background and its outmoded theories.” Such an approach would ignore the creative aspect of 


sclence and thus gIve a false Impression of how sclence develops. Moreover, It is not really possible to 
understand today”s view of the atom without insight into the concepts that led to ít. 
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And of those deflected, a few were deflected at very large angles—some even 
backward, nearly In the direction from which they had come. This could happen, 
Rutherford reasoned, only 1f the positively charged alpha particles were being 
repelled by a massIve posifive charge concentrated In a very small region oŸ space 
(see Eig. 27-20). He hypothesized that the atom must consist of a tiny but mas- 
sive positively charged nucleus, containing over 99.9% of the mass of the atom, 
surrounded by much lighter electrons some distance away. The electrons would 
be moving In orbits about the nucleus—much as the planets move around the 
Sun——because 1f they were at rest, they would fall into the nucleus due to electri- 
cal attraction. See Eig. 27-21. Rutherford”s experimen(s suggested that the nucleus 
must have a radius of about 10 ”Š to 10m. From kinetic theory, and especially 
Einstein's analysis of Brownian motion (see Section 13-1), the radius of atoms 
was estimated to be about 10ˆ'°m. Thus the electrons would seem to be at a 
distance from the nucleus of about 10,000 to 100,000 times the radius of the 
nucleus ifself. (If the nucleus were the size of a baseball, the atom would have the 
diameter of a big city several kilometers across.) So an atom would be mostly 
empty space. 

Rutherfords planeftary model of the atom (also called the nuelear model 
of the atom) was a maJor step toward how we view the atom today. It was not, 
however, a complete model and presented some maJor problems, as we shall see. 


27-11 Atomic Spectra: Key to the 
Sfructure of the Atom 


Earlier im this Chapter we saw that heated solids (as well as liquids and dense gases) 
emit light with a continuous spectrum of wavelengths. This radiation 1s assumed to 
be due to oscillations of atoms and molecules, which are largely governed by the 
1nferaction of each atom or molecule with 1ts neighbors. 

Rarefied gases can also be excited to emit light. This 1s done by intense 
heating, or more commonly by applying a high voltage to a “discharge tube” 
containing the gas at low pressure, Fig. 27-22. The radiation from excited gases 
had been observed early in the nineteenth century, and 1t was found that the 
spectrum was not continuous. Rather, excited gases emit light of only certain 
wavelengths, and when this light is analyzed through the slit oŸ a spectroscope 
Or spectrometer, a line specfrum ¡1s seen rather than a confinuous specfrum. 
The line spectra emitted by a number of elements in the visible region are shown 
below in Eig. 27-23, and in Chapter 24, Fig. 24-28. The emission specfrum 1s 
characteristic of the material and can serve as a type of “fingerprimt” for 
1dentification of the gas. 

W© also saw (Chapter 24) that If a continuous spectrum passes through a 
rarefied gas, dark lines are observed in the emerging spectrum, at wavelengths 
corresponding to lines normally emitted by the gas. Thịs is called an absorptfion 
specftrum (Eig. 27-23c), and it became clear that gases can absorb lipht at the 
same frequencies at which they emit. sing film sensitive to ultraviolet and to 
infrared light, it was found that gases emit and absorb discrete frequencies in 
these regions as well as in the visible. 
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FIGURE 27-20 Backward rebound 
Of ø particles in Fig. 27—19 explained 
as the repulsion from a heavy 
pOosItively charged nucleus. 


FIGURE 27-21 Rutherford”s model 
of the atom: electrons orbit a tiny 
pOositive nucleus (not to scale). The atom 
1S visualized as mostly empty space. 
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FIGURE 27-22 Gas-discharge tube: 


(a) điagram; (b) photo of an actual 
discharge tube for hydrogen. 
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FIGURE 27-23 Emission spectra of 
the gases (a) atomic hydrogen, 

(b) helium, and (e) the solar 
absorpfion spectrum. 
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FIGURE 27-24 Balmer series of 
lines for hydrogen. 


FIGURE 27-25 Line spectrum of 
atomic hydrogen. Each series fits the 
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In low-density gases, the atoms are far apart on average and hence the lipht 
emitted or absorbed 1s assumed to be by /mdiuidual afoms rather than through 
1nteractions between atoms, as In a solid, liquid, or dense gas. Thus the line 
Spectra serve as a key to the structure of the atom: any theory of atomic structure 
must be able to explain why atoms emit light only of discrete wavelengths, and 1t 
should be able to predict what these wavelengths are. 

Hydrogen 1s the simplest atom——1t has only one electron orbifing 1s nucleus. 
It also has the simplest spectrum. The spectrum of most atoms shows httle 
apparent regularity. But the spacing between lines In the hydrogen spectrum 
decreases In a regular way, Fig. 27-24. Indeed, in 1885, J. J. Balmer (1825-1898) 
showcd that the four lines mm the visible portion of the hydrogen spectrum (with 
measured wavelengths 656 nm, 486 nm, 434 nm, and 410 nm) have wavelengths 
that fit the formula 


1 1 1 
° E 5): n= 3,4,---. (27-9) 
Here ø takes on the values 3, 4, 5, 6 for the four visible lines, and #, called the 
Rydberg constant, has the value ® = 1.0974 x 10”m'Ì. Later it was found that 
this Balmer series of lines extended Into the UV region, ending at À = 365nm, 
as shown In Eig. 27—24. Balmer”s formula, Eq. 27-9, also worked for these lines 
with higher imnteger values of ø. The lines near 365 nm become too close together 
to distinguish, but the limit of the series at 365 nm corresponds to ø = co (SO 
1/n? = 0 in Eq.27-9). 

Later experiments on hydrogen showcd that there were similar series of lines 
in the UV and IR regions, and each series had a pattern just like the Balmer 
series, but at different wavelengths, Fig. 27—25. Each of these serles was found to 
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ifE E BE 
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Ce\ w¬ ` = = 
¬ *Ð hai = œ 
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ft a formula with the same form as Eq. 27-9 but with the 1/2” replaced by 
1/1, 1/3”, 1/4”, and so on. For example, the Lyman series confains lines with 
wavelengths from 91 nm to 122 nm (¡n the UV region) and fits the formula 


1 1 1 
The wavelengths of the Paschen series (¡in the IR region) fit 
1 1 1 
= ÑR si? n= 4.5, 
À 37 n? 


The Rutherford model was unable to explain why atoms emit line spectra. It 
had other difficulties as well. According to the Rutherford model, electrons orbit 
the nucleus, and since theIr paths are curved the electrons are accelerating. Hence 
they should give off light like any other accelerating electric charge (Chapter 22). 
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Since light carries off energy and energy 1s conserved, the electron”s own energy 
must decrease to compensate. Hence electrons would be expected to spiral mto the 
nucleus. As they spiraled inward, their frequency would imncrease 1n a short time 
and so too would the frequency of the lipht emitted. Thus the two main difficulties 
of the Rutherford model are these: (1) it predicts that lipht of a continuous ranøe of 
frequencies will be emitted, whereas experiment shows line spectra; (2) 1t predicts 
that atoms are unstable——electrons would quickly spiral Into the nucleus——but we 
know that atoms In general are stable, because there 1s stable matter all around us. 
Clearly Rutherford's model was not sufficilent. Some sort of modification 
was needed, and Niels Bohr provided 1t in a model that included the quantum 
hypothesis. Although the Bohr model has been superseded, 1t did provide a 
crucial stepping stone fo our present understanding. And some aspects of the 
Bohr model are stIll useful today, so we examine 1t in detail in the next Section. 


27-12 The Bohr Model 


Bohr had studied in Rutherfords laboratory for several months In 1912 and was 
convinced that Rutherford's planetary model of the atom had validity. But In 
order to make 1t work, he felt that the newly developing quantum theory would 
somehow have to be Incorporated In 1t. The work of Planck and Einstein had 
shown that 1n heated solids, the energy of oscillating electric charges must change 
discontinuously——from one discrete energy state to another, with the emisslon of 
a quantum of light. Perhaps, Bohr argued, the electrons In an atom also cannot 
lose energy confinuously, but must do so in quantum “jumps.” In working out h1s 
model during the next year, Bohr postulated that electrons move about the nucleus 
1n circular orbits, but that only certain orbits are allowed. He further postulated 
that an electron In each orbit would have a defmite energy and would move In the 
Orbit ?0ithout radiating energy (even though this violated classical Ideas since 
accelerating electric charges are supposed to emit EM waves; see Chapter 22). 
He thus called the possible orbits stafionary stafes. In this Bohr model, lipht 1s 
emitted only when an electron jumps from a higher (upper) stationary state to 
another of lower energy, Fig. 27-26. When such a transition occurs, a single pho- 
ton of light 1s emitted whose energy, by energy conservation, 1s øIven by 


hƑ = Eu— Eụ, (27-10) 


where #„ refers to the energy of the upper state and #¿ the energy of the lower 
State. 

In 1912-13, Bohr set out to determine what energies these orbits would have 
1n the simplest atom, hydrogen; the spectrum of light emitted could then be pre- 
dicted from Edq. 27—10. In the Balmer formula he had the key he was looking for. 
Bohr quickly found that his theory would agree with the Balmer formula 1Ÿ 
he assumed that the electron”s angular momentum 1s quanfized and equal to an 
integer ø times h/2r. As we saw in Chapter 8 angular momentum is given by 
L = lo, where Ï 1s the moment of Inertia and øœ 1s the angular velocity. For a 
single particle of mass ø moving ïn a circle of radius r with speed œ, 7 = zmr? and 
œ = 0/r; hence, L = Iœ = (mr?)(/r) = mor. Bohr's quantum condifion is 


h 
L = mù, = ñn , n= 1,2,3,'', (27-11) 

27r 
where ø is an integer and z„ is the radius of the øh possible orbit. The allowed 
orbifs are numbered 1, 2, 3,:--:, according to the value of øz, which 1s called the 


principal quantum number of the orbit. 

Equation 27—11 did not have a firm theoretical foundation. Bohr had searched 
for some “quantum condition,” and such tries as E = Jhƒ (where È represenfs 
the energy of the electron In an orbit) did not gø1ve results in accord with experi- 
ment. Bohr”s reason for using Eq. 27—11 was simply that it worked; and we now 
look at how. In particular, let us determine what the Bohr theory predicts for the 
measurable wavelengths of emitted lipht. 


tụ 


FIGURE 27-26 An atom emits a 


photon (energy = ƒ) when 1ts 


energy changes from # to a lower 


energy ÈFÿ. 
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FIGURE 27-27 Electric force 
(Coulomb's law) keeps the negative 
electron In orbit around the 
positively charged nucleus. 


FIGURE 27-28 The four smallest 
orbits in the Bohr model of 
hydrogen; z¡ = 0.529 x 10”!Um, 
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An electron in a circular orbit of radius 7 (Fig. 27-27) would have a centripetal 
acceleration øˆ/r produced by the electrical force of attraction between the 
negafive electron and the positive nucleus. This force 1s given by CoulombBs law, 


Ze)(e 
r 
where k = 1/4zeọ = 8.99 x 10?N-m”/C”. The charge on the electron is 
đi = —e, and that on the nucleus 1s đg; = +ZZe, where Z⁄£ 1s the charge on the 


nucleus: + 1s the charge on a proton, Z2 1s the number of protons 1n the nucleus 
(called “atomic number,” Section 28-7).” For the hydrogen atom, Z = +1. 

In Newton”s second law, # = 4z, we substitute Coulomb?s law for # and 
a = 0” /r„ for a particular allowed orbit of radius z„, and obtain 


F = ma 
VAN mt%ˆ 
k=> _—..-- 
tụ Tụ 


W solve this for rạ, 
— kZc? 


Tạ = , 
mù? 


and then substitute for from Eq. 27-11 (which says ò = nh/2mmr„): 


— kZ£?4mˆmr2 
We solve for r„ (it appears on both sides, so we cancel one of them) and find 
22 2 
. .. “n Mỹ Su), đua, (27-12) 


4m?mkZ€” ⁄Z 
where ø is an integer (Eq. 27-11), and 
l? 
4m2mkce?. 
Equation 27-12 gives the radii of all possible orbits. The smallest orbit 1s for 
n = 1, and for hydrogen (Z = 1) has the value 
(1ƒ {6.626 x 10*J-s} 
4z7(9.11 x 10'”'kg)(§.99 x 10?N-m”/C”)(1.602 x 10ˆ'?C)” 
ị = 0529 % 10 0m, (27-13) 


The radius of the smallest orbit in hydrogen, 7¡, 1s sometimes called the Bohr radius. 
From Eq. 27-12, we see that the radii of the larger orbits” increase as Ø”, so 


fị. — 


íỊ — 


†› = :ắn, = 3.12 10 ®m, 
Tà, = 0r¡ = 4.76 10m, 
Tạ = HN”, n = 1,2,3,---. 


The first four orbits are shown 1n Fig. 27-28. Notice that, according to Bohr”s 
model, an electron can exist only in the orbits given by Eq. 27—12. There are no 
allowable orbits In between. 

For an atom with Z # 1, we can write the orbital radH, r„, using Eq.27—12: 


2 
„..= (0529 x 10m), w-2 1:03», (27-14) 


TWe include Z in our derivation so that we can treat other single-electron (“hydrogenlike”) atoms 
such as the ions He” (Z = 2) and L” (Z = 3). Helium in the neutral state has two electrons; if one 
electron is missing, the remaining He” ion consists of one electron revolving around a nucleus of 
charge +2e. Similarly, doubly ionized lithium, Li?”, also has a single electron, and in this case Z = 3. 
?Be careful not to believe that these well-defined orbits actually exist. Today electrons are better 
thought of as forming “clouds,” as discussed in Chapter 28. 


In each of 1s possible orbits, the electron in a Bohr model atom would have a 
definite energy, as the following calculation shows. The total energy equals the 
sum of the kinetic and potential energies. The potential energy of the electron 1s 
gIven by PE = gV = —eV, where W1s the potential due to a point charge +Z⁄£ as 
given by Eq.17-5: VW = kÓO/r = kZe/r. So 


PE = -—-eVW = -—k 


The total energy #„ for an electron in the ø* orbit of radius z„ is the sum of the 
kimetic and poftential energIes: 


kZ€? 
F„ = 3m02 — Si 


nụ 


'When we substitute from Eq. 27—11 and rạ from Eq. 27—12 into this equation, 
we obfain 
2n?Zˆe!mk? 1 

Tùy P = n = 1,2,3,---. (27-15a) 
TỶ we evaluate the constant term in Eq. 27—15a and convert 1t to electron volfs, as 
1S customary 1n atomic physics, we obtain 

Z2 

SN n= 1,2,3,:-. (27-15h) 


E„ = -(13.6eV) 


n 
The lowest energy level (w = 1) for hydrogen (Z = 1) 1s 
E\¡ = -—13.6eV, 


Since ø” appears in the denominator of Eq. 27-15b, the energies of the larger 
orbits in hydrogen (Z = 1) are given by 


—13.6eV 
=s=.. 
n 
For example, 
—13.6eV 
ly = mm, =aẠ —3.40 eV, 
—13.6eV 
Hạ =— ^^ `7,.. 


We see that not only are the orbit radii quantized, but from Eqs. 27—15, so 1s the 
energy. The quantum number ø that labels the orbit radi also labels the energy 
levels. The lowest energy level or energy sfafe has energy ÈF¡, and ¡s called the 
ground sfafe. The hipher states, #;, #;, and so on, are called excifed states. The 
fixed energy levels are also called stafionary stafes. 

Notice that although the energy for the larger orbits has a smaller numerical 
value, all the energles are less than zero. Thus, —3.4eV 1s a higher energy than 
—13.6eV. Hence the orbit closest to the nucleus (z¡) has the lowest energy (the 
most negative). The reason the energies have neøative values has to do with the way 
we defined the zero for potential energy. For two point charges, PE = kđiq›/r 
corresponds to zero pofenfial energy when the two charges are Infñimtely far apart 
(Secton 17-5). Thus, an electron that can just barely be free from the atom by 
reaching r = oo (or, at least, far from the nucleus) with zero kinetic energy wIll 
have # = KE + PE = 0+ 0=0, corresponding to # = œ In Eqs. 27-15. If an 
electron 1s free and has kinetic energy, then # > 0. To remove an electron that 1s 
pArt of an atom requires an energy input (otherwise atoms would not be stable). 
Since E > 0 for a free electron, then an electron bound to an atom needs to have 
E <0. That 1s, energy must be added to bring 1ts energy up, from a negative 
value to at least zero in order to free 1t. 

The minimum energy required to remove an electron from an atom 1nitially 
1n the ground sfate 1s called the binding energy or ionization energy. The Ion1zation 
energy for hydrogen has been measured to be 13.6eV, and this corresponds 
precisely to removing an electron from the lowest state, #¡ = —13.6eV, up to 
# = 0 where It can be free. 
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FIGURE 27-29 Enersy-level diapram TT 
for the hydrogen atom, showing the -5Š — + 
transitions for the spectral lines of the 
Lyman, Balmer, and Paschen series 
(Fig. 27-25). Each vertical arrow 
represenfs an atomic transition that 
Ø1ves rise to the photons of one spectral 
line (a single wavelength or frequency). 


7192 CHAPTER 27 


Spectra Lines Explained 


It is useful to show the various possible energy values as hor1zontal lines on an 
energy-level diapram. Thịs 1s shown for hydrogen In Eig. 27-29. The electron In a 
hydrogen atom can be mm any one of these levels according to Bohr theory. But 1t 
could never be In between, say at —9.0eV. At room temperature, nearly all 
Hatoms will be in the ground state (w = 1). At hipher temperatures, or during 
an electric discharge when there are many collisions between free electrons and 
atoms, many atoms can be In excited states (w > 1). Once in an excited state, an 
atom'”s electron can Jump down to a lower sfate, and give off a photon In the 
process. Thĩs 1s, according to the Bohr model, the origin of the emission spectra 
Of excited gøases. 

Note that above E = 0, an electron is free and can have any enersy (E Is 
not quantized). Thus there is a continuum of energy states above # = 0, asindi- 
cated in the energy-level diapram of Fig. 27—29. 


- ñ?=Š _ Jonizedatom 
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The vertical arrows in Fig. 27-29 represent the transitions or Jumps that 
correspond to the various observed spectral lines. For example, an electron 
jumping from the level ø = 3 to ø = 2_would gIve rise to the 656-nm line In the 
Balmer series, and the Jump from ø = 4 to # = 2 would give rise to the 486-nm 
line (see Hg. 27-24). We can predict wavelenpths of the spectral lines emitted 
according to Bohr theory by combining Eq. 27-10 with Eq. 27-15. Since 
hƒ = hc/À, we have from Eq. 27-10 


1L. Hƒ - 1 ( 
À he he 
where ø refers to the upper state and ø“ to the lower state. Then using Eq.27—15, 
1 _ 2n?Z?e°mk? l 1 1 
2 


À lc n?n 


Thịs theoretical formula has the same form as the experimental Balmer formula, 
Eq.27-9, with øˆ = 2. Thus we see that the Balmer series of lines corresponds to 
transitlons or “jumps” that bring the electron down to the second energy level. 
Similarly, ø' = 1 corresponds to the Lyman series and ø' = 3 to the Paschen 
series (see Fig. 27-29). 

'When the constant In Eq. 27—16 1s evaluated with Z = 1, 1t 1s found to have 
the measured value of the Rydberg constant,  = 1.0974 x 10”m !in Eq.27-9, 
in accord with experiment (see Problem 54). 


(27-16) 


The great success of Bohr's model 1s that 1t g1Ives an explanation for why atoms 
emit line spectra, and accurately predicts the wavelengths of emitted light for 
hydrogen. The Bohr model also explains absorption spectra: photons of Just the 
right wavelength can knock an electron from one energy level to a higher one. To 
conserve enerøy, only photons that have 1ust the right energy will be absorbed. This 
explains why a continuous spectrum of light entering a gas will emerge with dark 
(absorption) lines at frequencies that correspond to emission lines (Fig. 27—23c). 

The Bohr theory also ensures the stability of atoms. It establishes stability by 
decree: the ground state 1s the lowest state for an electron and there 1s no lower 
energy level to which 1t can go and emit more energy. Finally, as we saw above, 
the Bohr theory accurately predicts the 1on1zatlon energy of 13.6 eV for hydro- 
gen. However, the Bohr model was not so successful for other atoms, and has 
been superseded as we shall discuss In the next Chapter. We discuss the Bohr 
model because 1t :0as an important start and because we still use the concept of 
Statlonary states, the øround state, and transitions between states. Also, the ter- 
minolosy used In the Bohr model 1s still used by chemists and spectroscopIsfs. 


EXAMPLE 27-13 | Wavelength of a Lyman line. Use Eig. 27-29 to deter- 
mine the wavelength of the first Lyman line, the transition from ứ = 2 to ø = l1. 
In what region of the electromagnetic spectrum does this lie? 


APPROACH We use Eq.27-10, hƒ = Ey — E¿, with the energles obfained from 
Fig. 27-29 to find the energy and the wavelength of the transition. The region 
Of the electromagnetic spectrum 1s found using the EM spectrum In Fig. 22—8. 


SOLUTION In this case, hƒ = E;— F¡ = {—3.4eV — (—13.6 eV)} = 10.2eV = 
(10.2 eV)(1.60 x 10”!21/eV) = 1.63 x 10 !8J. Since À = c/ƒ, we have 


h 6.63 x 103! J-s)(3.00 x 10Ẻm/s 
`. X ¬ “ ~ 122x102m, 
f đ—hị 1.63 x 10”18J 
or 122 nm, which 1s in the UV region of the EM spectrum, Fig. 22-8. See also 
Fig. 27-25, where this value 1s confirmed experimentally. 


NOTE_ An alternate approach: use Eq.27—16 to find À, and get the same result. 


EXAMPLE 27-14 | Wavelength of a Balmer line. Use the Bohr model to 
determine the wavelength of light emitted when a hydrogen atom makes a 
transition from the ø = 6 to the  = 2 energy level. 


APPROACH We can use Eq. 27-16 or is equivalent, Eq. 27-9, with 
R = 1097 x 10m", 
SOLUTION We fnd 
1 1 

` : »% 7/0 i00 Pma = : x 6 1. 

(1.097 x 10”m lỆ 5) 2.44 x 10m 
So À = 1/(2.44 x 109m ?) = 4.10 x 10 ”m or 410nm. Thịs is the fourth line 
1n the Balmer serles, Eig. 27-24, and ¡s violet In color. 


EXAMPLE 27-15 | Absorption wavelength. Use Eig. 27-29 to determine the 
mmaximum wavelength that hydrogen In 1ts ground state can absorb. What would 
be the next smaller wavelength that would work? 


APPROACH Maximum wavelength corresponds to minimum energy, and this 
would be the Jump from the ground state up to the ñirst excited sftate 
(Fig. 27-29). The next smaller wavelength occurs for the jump from the ground 
state to the second excifed state. 


SOLUTION The energy needed to jump from the ground state to the first excited 

state 1s 13.6eV — 3.4eV = 10.2eV; the required wavelength, as we saw 1m 

Example 27—13, is 122 nm. The enersy to jump from the ground state to the second 

excited sfate 1s 13.6eV — 1.5eV = 12.1 eV, which corresponds to a wavelength 
c he he (6.63 x 10'3!J-s)(3.00 x 10 m/s) 


`= = = = = 103nm. 
† ` hƑ  E;— Ei (12.1 eV)(1.60 x 10 '1/eV) 
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He” ionization energy. (ø) Use the Bohr model to deter- 
mine the ionization energy of the He” ion, which has a single electron. (b) Also 
calculate the maxImum wavelensth a photon can have to cause 1on1zation. The 
helium atom 1s the second atom, after hydrogen, in the Periodic Table (next 
Chapter); 1s nucleus contains 2 protons and normally has 2 electrons circulating 
around It, so Z = 2. 


APPROACH We want to determine the minimum energy required to lift the 
electron from 1ts øround state and to barely reach the free state at ⁄ = 0Ú. The 
øround state energy of He” is given by Eq.27-15b with ø = 1 and Z = 2. 


SOLUTION (a) Since all the symbols in Eq. 27—15b are the same as for the 
calculation for hydrogen, except that Z 1s 2 Instead of 1, we see that #¡ will be 
Z? = 27 = 4 times the F¡ for hydrogen: 

E¡ = 4(-13.6eV) = -54.4eV, 


Thus, to ionize the He” ion should require 54.4eV, and this value agrees with 
experiment. 


(b) The maximum wavelength photon that can cause 1on1zation will have energy 
hƒ = 54.4eV and wavelength 


c he — (663 x 103J-s)(3.00 x 10m/s) 
À = = = = 22.8nm. 
ƒ_ bƒ (54.4eV)(1.60 x 10ˆ!1/eV) 


If À > 22.8nm, 1onization can not Occur. 


NOTE Tỉ the atom absorbed a photon of greater energy (wavelength shorter 
than 22.8 nm), the atom could still be Ionized and the freed electron would have 
kinetic energy OŸ Its own. 


In this Example 27-16, we saw that E¡ for the He” ion is four times more 


negative than that for hydrogen. Indeed, the energy-level điagram for He” looks 
just like that for hydrogen, Fig. 27—29, except that the numerical values for each 
energy level are four times larger. Note, however, that we are talking here about 
the He” /on. Normal (neutral) helium has two electrons and its energy level 
diagram 1s entfirely different. 


CONCEPTUAL EXAMIPLE 27-17 | Hydrogen at 20°C. (2) Estimate the 


average kinetic energy of whole hydrogen atoms (not just the electrons) at room 
temperature. (5) se the result to explain why, at room temperature, very Íew 
H atoms are 1n excited states and nearly all are 1n the ground state, and hence 
emit no light. 


RESPONSE According to kinetic theory (Chapter 13), the average kinetic 
energy of atoms or molecules In a gas 1s given by Eq. 13—8: 


KE = $ÄT, 
where k = 1.38 x 10 ”J/K ¡s Boltzmann constant, and 7 ¡s the kelvin 
(absolute) temperature. Room temperature ¡is about 7 = 300K, so 


KE = š(1438 x 10”1/K)(300K) = 6.2 x 10211, 


or, In electron volts: : 
KE = — = _- 0.04 eV. 
1.6 x 10'1/eV 

The average KE Of an atom as a whole 1s thus very small compared to the energy 
between the pround state and the next higher energy state (13.6eV — 3.4eV = 
10.2eV). Any atoms In excited states quickly fall to the ground state and emit 
light. Once in the ground state, collisions with other atoms can transfer energy 
of only 0.04 eV on the average. A small fraction of atoms can have much more 
energy (see Section 13—10 on the distribution of molecular speeds), but even a 
kinetic enersy that 1s 10 tImes the average 1s not nearly enough to excite atoms 
1nfo states above the ground state. Thus, at room temperature, practfically all 
atoms are In the øround state. Atoms can be excited to upper states by very high 
temperatures, or by applying a high voltage so a current of high energy electrons 
passes throuph the gas as In a discharge tube (Eig. 27-22). 


Correspondence Principle 


We should note that Bohr made some radical assumptions that were at varlance 
with classical ideas. He assumed that electrons 1n fñixed orbits do not radiate lipht 
even thouph they are accelerating (moving im a circle), and he assumed that 
angular momenfum 1s quantfized. Furthermore, he was not able to say how an 
electron moved when 1t made a transifion from one energy level to another. On 
the other hand, there 1s no real reason to expect that in the tiny world of the atom 
electrons would behave as ordinary-sized obJects do. Nonetheless, he felt that 
where quantum theory overlaps with the macroscopic world, 1t should predict 
classical results. This is the correspondence principle, already mentioned ín 
regard to relativity (Section 26-11). This principle does work for Bohr”s theory 
of the hydrogen atom. The orbit sizes and energies are quite different for ø = 1 
and ứ = 2, say. But orbits with ø = 100,000,000 and 100,000,001 would be very 
close in radius and energy (see Fig. 27-29). Indeed, transitions between such 
large orbits, which would approach macroscopIc s1zes, would be imperceptible. 
Such orbits would thus appear to be continuously spaced, which ¡is what we 
expect in the everyday world. 

FEinally, 1t must be emphasized that the well-defined orbits of the Bohr model 
do not actually exist. The Bohr model 1s only a model, not reality. The Idea of 
electron orbits was reJected a few years later, and today electrons are thought of 
(Chapter 28) as forming “probability clouds.” 


27-13 de Broglies Hypothesis 
Applied to Atoms 


Bohr”s theory was largely of an ađ hoc nature. Assumptions were made so that 
theory would agree with experiment. But Bohr could ø1ve no reason why the orbIts 
were quantized, nor why there should be a stable ground state. Finally, ten years 
later, a reason was proposed by Louis de Broglie. We saw in Section 27-8 that 
1n 1923, de Broglie proposed that material particles, such as electrons, have a wave 
nature; and that this hypothesis was conñrmed by experiment several years later. 
One of de Broglie”s original areumenfs In favor of the wave nature of elec- 
trons was that 1t provided an explanation for Bohr's theory of the hydrogen 
atom. According to de Broglie, a particle of mass  moving with a nonrelafIvistic 
speed œ would have a wavelength (Eq. 27-8) of 
h 
mù. 
Each electron orbit im an atom, he proposed, 1s actually a standing wave. As we 
saw In Chapter 11, when a violin or guitar string 1s plucked, a vast number of 
wavelengths are excited. But only certamn ones—those that have nodes at the 
ends—are sustained. These are the resonanf modes of the string. Waves with 
other wavelengths Iinterfere with themselves upon reflection and therr amplitudes 
quickly drop to zero. With electrons moving In circles, according to Bohr”s theory, 
de Broglie argued that the electron wave was a circwlar standing wave that closes 
on 1tsel£ Eig. 27—30a. If the wavelength of a wave does not close on Ifself, as in 
Fig. 27—30b, destructive Interference takes place as the wave travels around the 
loop, and the wave quickly đies out. Thus, the only waves that persist are those for 
which the circumference of the circular orbit contains a whole number of wave- 
lengths, Fig. 27-31. The circumference of a Bohr orbit of radIus r„ 1S 2777„„ SO tO 
have constructive Interference, we need 


27r„ = HÀ, n = 1,2,3,---. 
When we subsfitute À = J/0m0, we get 2r„ = nh/m, Or 
nh 
MHUFạ = ——' 
2m 


Thịs 1s Just the guantfun condifion proposed by Bohr on an ađ hoc basis, Eq. 27-11. 
]t 1s from this equation that the discrete orbits and energy levels were derived. 
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(b) 
FIGURE 27-30 (a) An ordinary 
standing wave compared to a 
circular standing wave. (b) When a 
wave does not close (and hence 
interferes destructively with itself), 
1t rapidly đies out. 


FIGURE 27-31 Standing circular 
waves for two, three, and five 
wavelengths on the circumference; 
n, the number of wavelengths, Is 
also the quantum number. 
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n=S5 


FIGURE 27-31 (Repeated.) Standing 
cireular waves for two, three, and 

five wavelengths on the circumference; 
n, the number of wavelengths, 

1S also the quantum number. 


Now we have a first explanation for the quantized orbifs and energy states 1n the 
Bohr model: they are due to the wave nature of the electron, and only resonant 
“standing” waves can persist.' This implies that the ?0ae-pariicle duality is at 
the root of atomic structure. 

In viewing the circular electron waves of Eig. 27—31, the electron 1s not to be 
thought of as following the oscillating wave pattern. In the Bohr model of hydrogen, 
the electron moves In a circle. The circular wave, on the other hand, represents the 
ampliiude of the electron “matter wave,” and in Fig. 27-31 the wave amplitude 
1s sShown superimposed on the circular path of the particle orbift for convenIence. 

Bohr”s theory worked well for hydrogen and for one-electron I1ons. But 1t did 
nof prove successful for multi-electron atoms. Bohr theory could not predict line 
spectra even for the next simplest atom, helium. It could not explain why some emns- 
sion lines are brighter than others, nor why some lines are split Into twO Or more 
closely spaced lines (“fine structure”). A new theory was needed and was indeed 
developed In the 1920s. This new and radical theory 1s called guantumn mechanics. 
It fñnally solved the problem of atomic structure, but 1t gIves us a very different 
view Of the atom: the 1dea of electrons in well-defined orbits was replaced with the 
1dea of electron “clouds.” 'This new theory of quantum mechanics has given us a 
wholly different view of the basic mechanisms underlying physical processes. 


TWe note, however, that Eq. 27—11 is no longer considered valid, as discussed in the next Chapter. 


Summary 


The electron was discovered using an evacuated cathode ray 
tube. The measurement of the charge-to-mass ratio (e/zm) of 
the electron was done using magnetic and electric fields. The 
charge on the electron was first measured In the Millikan 
oil-drop experiment and then Its mass was obtained from the 
measured value of the e/mm ratio. 

Ouantum theory has ifs origins in Planck?s quantum hypothesis 
that molecular oscillations are quanfized: their energy È can only 
be integer (z) multiples of ñƒ, where j is Planck”s constant and 
ƒ 1s the natural frequenecy of oscillation: 

E_ = nhƒ. (27-3) 
This hypothesis explained the spectrum of radiation emitted by 
a blackbody at hiph temperature. 

Einstein proposed that for some experiments, light could 
be pictured as being emitted and absorbed as quanfa (particles), 
which we now call photons, each with energy 


E = hƒ (27-4) 
and momentum 
E hƒ h 
P, c Ẹ: Ẫ. MING, 


He proposed the photoelectric effect as a test for the photon 
theory of light. In the photoelectric effecf, the photon theory 
says that each Iincident photon can strike an electron In a 
material and eject it 1Ý the photon has sufficient energy. The 
maximum energy of eJected electrons 1s then linearly related to 
the frequency of the Incident light. 
The photon theory 1s also supported by the Compfon 
effecf and the observation of electron—positron pair producfion. 
The wave-parficle duality refers to the idea that light and 
matter (such as electrons) have both wave and particle proper- 
ties. The wavelength of an object 1s gIven by 
h 
À ==- 
p 
where p 1s the momentum of the object (p = zmo for a particle 
Of mass 7# and speed ?). 


(27-8) 


The principle of complemenfarify states that we must be 
aware of both the particle and wave properties of light and of 
matter for a complete understanding of them. 

Electron microscopes (EM) make use of the wave prOper- 
ties Of electrons to form an image: their “lenses” are magnetIc. 
Various types of EM exist: some can magnify 100,000% (1000 
better than a light microscope); others can give a 3-D image. 

Early models of the atom include Rutherford”s planetary 
(or nuclear) model of an atom which consists of a tiny but 
massive positively charged nucleus surrounded (at a relatively 
great distance) by electrons. 

To explain the line specfra emitted by atoms, as well as the 
stability of atoms, the Bohr model postulated that: (1) elec- 
trons bound In an atom can only occupy orbits for which the 
angular momentum 1s quantized, which results In discrete 
values for the radius and energy; (2) an electron ¡n such a 
sfafionary sfafe emifs no radiation; (3) if an electron Jumps to 
a lower sfate, It emits a photon whose energy equals the 
diference in energy between the two states; (4) the angular 
momentum ⁄L of atomic electrons Is quantized by the rule 
L = nh/2m, where m is an integer called the quantum number. 
The ø = 1 state is the ground sta(e, which in hydrogen has 
an energy ¡ = —13.6eV. Higher values of ø correspond to 
excifed stafes, and theIr energ1es are 


2 
F„ = (13.6 sV) 2: (27-15b) 
where Z⁄e Is the charge on the nucleus. Atoms are excited to 
these hipher states by collisions with other atoms or electrons, 
or by absorption of a photon of Just the right frequency. 

De Broglie”s hypothesis that electrons (and other matter) 
have a wavelength À = ñ/zmo gave an explanation for Bohr”s 
quantized orbits by bringing In the wave—particle duality: the 
Oorbifs correspond to circular standing waves In which the cir- 
cumference of the orbit equals a whole number of wavelengths. 
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 Questions 


1. 


10. 


11. 


*#12. 


+13. 


14. 


15. 


16. 


17. 


18. 


19. 


Does a lightbulb at a temperature of 2500 K produce as 
white a light as the Sun at 6000 K? Explain. 


„ lÝenergy Is radiated by all obJects, why can we not see them 


1n the dark? (See also Section 14-8.) 


‹ What can be said about the relative temperatures of 


whitish-yellow, reddish, and bluish stars? Explain. 


-Ổ Darkrooms for developing black-and-white film were 


sometimes lit by a red bulb. Why red? Explain 1 such a 
bulb would work In a darkroom for developing color film. 


. If the threshold wavelength In the photoelectric effect 


1ncreases when the emitting metal is changed to a different 
metal, what can you say about the work functions of the 
two metals? 


. Explain why the existence of a cutofŸ frequency In the 


photoelectric effect more stronply favors a particle theory 
rather than a wave theory of lipht. 


. UV lipht causes sunburn, whereas visible light does not. 


Suggesf a reason. 


- The work functions for sodium and cesium are 2.28 eV and 


2.14eV, respectively. For incident photons o a given Íre- 
quency, which metal will give a hipher maximum kinetic 
energy for the electrons? Explain. 


. Explain how the photoelectric circuit of Eig. 27—6 could be 


used ím (2) a burglar alarm, (5) a smoke detector, (c) a photo- 
graphic light meter. 


(a) Does a beam of infrared photons always have less 
energy than a beam of ultraviolet photons? Explain. 
(b) Does a single photon of infrared light always have less 
enersy than a single photon of ultraviolet lipht? Why? 


Light of 450-nm wavelength strikes a metal surface, and a 
stream of electrons emerges from the metal. If light of the 
same Intensity but of wavelength 400 nm strikes the sur- 
face, are more electrons emitted? Does the energy of the 
emitted electrons change? Explain. 


If an X-ray photon ¡s scattered by an electron, does the 
photon's wavelength change? If so, does 1t Increase or 
decrease? Explain. 


In both the photoelectric effect and in the Compton effect, 
a photon collides with an electron causing the electron to 
fly off. What 1s the difference between the two processes? 


'Why do we say that light has wave properties? Why do we 
say that light has particle properties? 


'Why do we say that electrons have wave properties? Why 
do we say that electrons have particle propertIes? 


What are the differences between a photon and an 
electron? Be specific: make a list. 


Tf an electron and a proton travel at the same speed, which 
has the shorter wavelength? Explain. 


An electron and a proton are accelerated throuph the same 
voltage. Which has the longer wavelength? Explain why. 


In Rutherford”s planetary model of the atom, what keeps 
the electrons from flying ofŸ into space? 


20. 


21. 


22. 


23. 


24. 


25. 


26 


21. 


28. 


29. 


30. 


31. 


When a wide spectrum of light passes throupgh hydrogen 
gas at room temperature, absorption lines are observed 
that correspond only to the Lyman series. Why don”t we 
observe the other series? 


How can you tell 1Ý there 1s oxyøen near the surface of the 
Sun? 


(a) List at least three successes of the Bohr model of the 
atom, according to Section 27-12. (b) List at least two 
observations that the Bohr model could not explain, 
according to Section 27—13. 


According to Section 27-11, what were the two main 
difficulties of the Rutherford model of the atom? 


1s 1t possible for the de Broglie wavelength of a “particle” 
to be greater than the dimensions of the particle? To be 
smaller? Is there any direct connection? Explain. 


How can the spectrum of hydrogen contain so many lines 
when hydrogen contains only one electron? 


Explain how the closely spaced energy levels for hydrogen 
near the top of Hg. 27—29 correspond to the closely spaced 
spectral lines at the top of Fig. 27-24. 


In a helium atom, which contains two electrons, do you 
thínk that on average the electrons are closer to the 
nucleus or farther away than In a hydrogen atom? Why? 


The Lyman series 1s briphter than the Balmer serles, 
because this serles of transitions ends up In the most 
common sfate for hydrogen, the ground state. Why then 
was the Balmer series discovered first? 


se conservation of momentum to explain why photons 
emitted by hydrogen atoms have slightly less energy than 
that predicted by Eq. 27—10. 


State 1Ï a continuous or a line spectrum ¡is produced by 
each of the following: (z) a hot solid object; (b) an 
excited, rarefied gas; (c) a hot liquid; (đ) Iight from a hot 
solid that passes through a cooler rarefied gas; (e) a hot 
dense gas. For each, If a line spectrum is produced, 1s it an 
emission or an absorption spectrum? 


Suppose we obfain an emission spectrum for hydrogen at 
very high temperature (when some of the atoms are In 
excited states), and an absorption spectrum at room tem- 
perature, when all atoms are In the ground state. WIII the 
two spectra contain identical lines? 


H7 


Ouestions 


 MisConceptual Questions 


1. Which of the following statements 1s true regarding how 


blackbody radiation changes as the temperature of the 

radiating obJect Increases? 

(a) Both the maximum Intensity and the peak wavelength 
1nCT€ase€. 

(5) The maxImum Infensity increases, and the peak 
wavelength decreases. 

(c) Both the maximum Intensity and the peak wavelength 
decrease. 

(đ) The maximum intensity decreases, and the peak 
wavelength Increases. 


. As red lipht shines on a piece of metal, no electrons are 
released. When the red lipht is slowly changed to shorter- 
wavelenegth light (basically progressing throueh the rainbow), 
nothing happens until yellow light shines on the metal, at 
which point electrons are released from the metal. If this 
metal 1s replaced with a metal having a higher work function, 
which lipht would have the best chance of releasing elec- 
trons from the metal? 

(a) Blue. 

(b5) Red. 

(c) Yellow would still work fine. 

(đ) We need to know more about the metals involved. 


. A beam of red light and a beam of blue lipght have equal 
1ntensities. Which statement 1s true? 

(4) There are more photons In the blue beam. 

(5) There are more photons In the red beam. 

(c) Both beams contain the same number of photons. 

(đ) The number of photons 1s not related to Intensity. 


.-_ Which of the following 1s necessarily true? 

(a) Red light has more energy than violet light. 

(5) Violet light has more energy than red lipht. 

(c) A single photon of red light has more energy than a 
sinple photon of violet lipht. 

(đ) A single photon of violet light has more energy than a 
sinple photon of red light. 

(c) None of the above. 

(#) A combination of the above (specIfy). 


‹ la photon of energy # eJects electrons from a metal with 
kinetic energy KE, then a photon with energy E£/2 

(4) will eject electrons with kinetic energy KE/2. 

(b) will eject electrons with an energy greater than KE/2. 
(c) will eject electrons with an energy less than KE/2. 

(đ) might not eject any electrons. 


. If the momentum of an electron were doubled, how would 
1ts wavelength change? 

(4) No change. 

(5) It would be halved. 

(c) It would double. 

(đ) It would be quadrupled. 

(e) It would be reduced to one-fourth. 


. Which of the following can be thought of as either a wave 
or a particle? 

(a) Light. 

(5) An electron. 

(c) A proton. 

(đ) AlII of the above. 


8. 


10. 


11. 


13. 


14. 


When you throw a baseball, 1ts de Broglie wavelength 1s 
(a) the same s1ze as the ball. 

() about the same size as an atom. 

(c) about the same size as an atom'”s nucleus. 

(đ) much smaller than the size of an atom”s nucleus. 


Electrons and photons of lipht are similar In that 

(2) both have momentum given by j/À. 

(b) both exhibit wave—particle duality. 

(c) both are used in diffraction experiments to explore 
Structure. 

(đ) AlI of the above. 

(£) None of the above. 


In Rutherford's famous set of experiments described In 

Section 27-10, the fact that some alpha particles were 

deflected at laree angles Iindicated that (choose all that apply) 

(a) the nucleus was poSitive. 

(b) charge was quantized. 

(c) the nucleus was concentrated in a small region of 
Space. 

(đ) most of the atom 1s empty space. 

(£) None of the above. 


Which of the following electron transitions between two 
energy states (z) in the hydrogen atom corresponds to the 
emission of a photon with the longest wavelength? 

(a)2 — 5. 

(b)5 — 2. 

(c) 5 —> 8. 

(đ)8 — 5. 


TỶ we set the potential energy of an electron and a proton 
to be zero when they are an Iinfinite distance apart, then 
the lowest energy a bound electron in a hydrogen atom can 
have 1s 

(a) 0. 

(5) —13.6 eV. 

(c) any possible value. 

(đ) any value between — 13.6 eV and 0. 


'Which of the following 1s the currently accepted model of 
the atom? 

(a) The plum-pudding model. 

(5) The Rutherford atom. 

(c) The Bohr atom. 

(đ) None of the above. 


Lipht has all of the following except: 
(a) mass. 

(b) momentum. 

(c) kinetic energy. 

(đ) frequenecy. 

(e) wavelength. 
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For assigned homework and other learning materials, go to the MasteringPhysics website. 


j Problems 


27-1 Discovery of the Electron 


1. (I What ¡is the value of e/m for a particle that moves in a 
circle of radius 14 mm in a 0.86-T magnetic field 1ƒ a perpen- 
dicular 640-V/m electric field will make the path straight? 

2. (IU) (a) What is the velocity of a beam of electrons that øo 

undeflected when passing through crossed (perpendicular) 

electric and magnetic fields of magnitude 1.88 x 10 V/m 

and 2.60 < 10”3T, respectively? (b) What is the radius of 

the electron orbit 1f the electric field is turned off? 

(H) An oil drop whose mass is 2.8 < 10” kg is held at rest 

between two large plates separated by 1.0 em (Fig. 27-3), 

when the potential difference between the plates 1s 340 V. 

How many excess electrons does this drop have? 


27-2 Blackbodies; Planck“s Quantum Hypothesis 


4. () How hot is a metal being welded 1Ÿ it radiates most 
stronply at 520 nm? 

(Ð Estimate the peak wavelength for radiation emitted from 
(4) ice at 0°C, (b) a floodlamp at 3100 K, (c) helium at 4K, 
assuming blackbody emission. In what region of the EM 
spectrum 1s each? 

6. (1) (z) What ¡is the temperature If the peak of a blackbody 
spectrum 1s at 18.0 nm? (5) What ¡is the wavelength at the 
peak of a blackbody spectrum If the body 1s at a tempera- 
ture of 2200 K? 

() An HCI molecule vibrates with a natural frequency of 
8.1 x 10! Hz. What is the difference in energy (in joules 
and electron volts) between successive values of the oscilla- 
tion energy? 

(H) The steps of a flight of stairs are 20.0 cm high (vertically). 
Tf a 62.0-kg person stands with both feet on the same step, 
what 1s the gravitational potential energy of this person, 
relative to the ground, on (2) the first step, (b) the second 
step, (c) the third step, (đ) the z step? (e) What is the change 
1n energy as the person descends from step 6 to step 2? 
(H) Estimate the peak waveleneth of light emitted from the 
pupIl of the human eye (which approximates a blackbody) 
assuming normal body temperature. 


27-3 and 27-4 Photons and the Photoelectric Effect 


10. (1) What ¡s the energy of photons (joules) emitted by a 
91.7-MHz EM radio station? 
T11. (1) What ¡is the energy range (in joules and eV) of photons 
1n the visible spectrum, of wavelength 400 nm to 750 nm? 
() A typical gamma ray emitted from a nucleus during 
radioactive decay may have an energy of 320 keV. What is 
1ts wavelenpgth? Would we expect significant diffraction of 
this type of lipht when 1t passes through an everyday 
opening, such as a door? 
(D Calculate the momentum of a photon of yellow lipght of 
wavelength 5.80 x 10””m. 
14. (1) What is the momentum ofa À = 0.014 nm X-ray photon? 
15. (1) For the photoelectric effect, make a table that shows 
expected observatlons for a particle theory of light and for 
a wave theory of light. Circle the actual observed effects. 
(See Section 27-3.) 
(H) About 0.1 eV ¡s required to break a “hydrogen bond”in 
a protein molecule. Calculate the minimum frequency and 
maximum wavelength of a photon that can accomplish this. 
(ID) What minimum frequency of light ¡is needed to eject 
electrons from a metal whose work function is 4.8 x 101” J? 


»® 


5 


xài 


_ 


e 


12 


13 


16 


17 


18. 


19. 


20. 


21. 


22. 


23. 


24 


25. 


26. 


21. 


28. 


29. 


(H) The human eye can respond to as little as 10 †8 J of light 
energy. For a wavelength at the peak of visual sensItIvIty, 
550 nm, how many photons lead to an observable flash? 
(I) What is the longest wavelenegth of lipht that will emit 
electrons from a metal whose work function 1s 2.90 eV? 
(II) The work functions for sodium, cesium, copper, and iron 
are 2.3, 2.1, 4.7, and 4.5 eV, respectively. Which of these 
metals wIll not emit electrons when visible lipht shines on 112 
(IH) In a photoelectric-effect experiment it is observed that 
no current flows unless the wavelength is less than 550 nm. 
(2) What is the work function of this material? (b) What stop- 
ping voltage 1s required !f lipht of wavelength 400 nm 1s used? 
(H) What ¡is the maximum kinetic energy of electrons 
ejected from barium (W¿ = 2.48eV) when illuminated by 
white lipht, À = 400 to 750 nm? 

(H) Barium has a work function of 2.48eV. What is the 
maximum kinetic energy of electrons 1ƒ the metal is illumi- 
nated by UV light of wavelength 365 nm? What is their speed? 
(ID When UV light of wavelength 255 nm falls on a metal 
surface, the maximum kinetic energy of emitted electrons 
1s 1.40eV. What is the work function of the metal? 

(IH) The threshold wavelength for emission of electrons 
from a given surface 1s 340 nm. What will be the maximum 
kinetic energy of eJected electrons when the wavelength 1s 
changed to (z) 280 nm, (5) 360 nm? 

(H) A certain type of film is sensitive only to light whose 
wavelength is less than 630 nm. What is the energy (eV and 
kcal/mol) needed for the chemical reaction to occur which 
causes the film to change? 

(H) When 250-nm light falls on a metal, the current through a 
photoelectric circuit (Fig. 27—6) 1s brought to zero at a stopping 
voltage of 1.64 V. What ¡is the work function of the metal? 
(H) In a photoelectric experiment using a clean sodium 
surface, the maximum energy of the emitted electrons was 
measured for a number of different Incident frequencIes, 
with the following results. 


Erequency (x 10! Hz) Energy (eV) 
11.8 2.60 
10.6 2.11 
9.9 1.61 
9.1 1.47 
8.2 1.10 
6.9 0.57 


Plot the graph of these results and find: (2) Planck”s constant; 
() the cutoff frequency of sodium; (c) the work function. 
(TT) Show that the energy # (in electron volts) of a photon 
whose wavelength is À (nm) is given by 
1.240 x 101eV-nm 

À(nm) 
se at least 4 significant figures for values of J, c, e (see 
inside front cover). 


E = 


*27-5 Compton Effect 


#30. 


() A high-frequenecy photon ïs scattered off of an electron 
and experiences a change of wavelength of 1.7 x 10*nm. 
At what angle must a detector be placed to detect the scattered 
photon (relative to the direction of the incoming photon)? 
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. 


h 


b 


#31. (II) The quantity h/mc, which has the dimensions of length, 


1s called the Cørnpfon +0auelength. Determine the Compton 
wavelength for (z) an electron, (5) a proton. (c) Show 
that 1ƒ a photon has wavelength equal to the Compton 
wavelength of a particle, the photon”s energy 1s equal to the 
rest enersy of the particle, zmc”. 

. (HH) X-rays of wavelength À = 0.140nm are scattered 
Írom carbon. What is the expected Compton wavelength 
shift for photons detected at angles (relative to the inci- 
dent beam) of exactly (2) 45°, (b) 90°, (c) 180”? 


27-6 Pair Production 


33. (1) How much tofal kinetic enersy will an electron—positron 


parr have 1ƒ produced by a 3.64-MeV photon? 

. (H) What 1s the longest wavelength photon that could 
produce a proton-antiproton pair? (Each has a mass of 
1.67 x 10” kg.) 

. (II) What is the minimum photon energy needed to 
produce a „  pair? The mass of each  (muon) is 
207 times the mass of an electron. What ¡is the wavelength 
of such a photon? 

(ID An electron and a posiron, each moving at 
3.0 x 107m/s, collide head on, đisappear, and produce 
two photons, each with the same energy and momentum 
moving in opposite directions. Determine the energy and 
momentum of each photon. 

.(H) A gamma-ray photon produces an electron and a 
positron, each with a kinetic energy of 285 keV. Determine 
the energy and wavelength of the photon. 


27-8 Wave Nature of Matter 
38. (1) Calculate the wavelength of a 0.21-kg ball traveling at 


0.10 m/s. 

.() What is the wavelength of a neutron (mm = 
1.67 x 10 kg) traveling at 8.5 x 10m/s? 

(II) Through how many volts of potential difference must 
an electron, Initially at rest, be accelerated to achieve a 
wavelength of 0.27 nm? 

. (HT) Calculate the ratio of the kinetic energy of an electron 
to that of a proton 1ƒ theiIr wavelengths are equal. Assume 
that the speeds are nonrelafIvistic. 

.(ID An elecron has a de Broglie wavelength 
À = 4.5 x 10”!°m. (z) What is its momentum? (b5) What 
1s 1s speed? (c) What voltage was needed to accelerate 1t 
from rest to this speed? 

(I) What ¡is the wavelength of an electron of energy 
(2) 10 eV, (b) 100 eV, (c) 1.0 keV? 

- (II) Show that 1ƒ an electron and a proton have the same 
nonrelativistic kinetic energy, the proton has the shorter 
wavelength. 

. (H) Calculate the de Broglie wavelength of an electron 1Ÿ it 
1s accelerated from rest by 35,000 V as in Eig. 27—2. Is It rela- 
tivistic? How does I(s wavelength compare to the size of the 
“neck” of the tube, typically 5cm? Do we have fO WOTTV 
about difraction problems blurring the picture on the CRT 
screen? 

(HI) A Ferrari with a mass of 1400 kg approaches a Íreeway 
underpass that 1s 12m across. At what speed must the car 
be moving, In order for It to have a wavelength such that 
1t mipht somehow “diffract” after passing through this 
“single slit”? How do these conditions compare to normal 
freeway speeds of 30 m/s? 


27-9 Electron Microscope 


47. (11) What voltage is needed to produce electron wavelengths 
of0.26 nm? (Assume that the electrons are nonrelativistic.) 

48. (I) Electrons are accelerated by 2850V in an electron 
microscope. Estimate the maximum possible resolution of 
the microscope. 


27-11 and 27-12 Spectra and the Bohr Model 


49. (1) For the three hydrogen transitions indicated below, with 
n being the Initial state and ø“ being the final state, 1s the 
transiton an absorption or an emission? Which 1s hipher, the 
Initial state energy or the final state energy of the atom? Einally, 
which of these transitions involves the largest energy photon? 
(a)n =1,m' = 3; (bìn =6,nm =2; (c)n= 4,nm' = 5. 

50. (1) How much energy ¡is needed to ionize a hydrogen atom 

1n the w = 3 state? 

(1) The second longest wavelength in the Paschen series in 

hydrogen (Fig. 27-29) corresponds to what transition? 

(D Calculate the ionization energy of doubly ionized 

lithium, LÝ”, which has Z = 3 (and is in the ground state). 

(J) (2z) Determine the wavelength of the second Balmer 

line (m = 4 to ứú = 2 transition) using Fig. 27-29. Deter- 

mine likewise (b) the wavelength of the second Lyman line 
and (c) the wavelength of the third Balmer line. 

(1) Evaluate the Rydberg constant # using the Bohr model 

(compare Eqs. 27—9 and 27-16) and show that Its value 1s 

RÑ = 1.0974 x 107m. (Use values inside front cover to 

5 or 6 significant figures.) 

5S. (II) What ¡1s the longest wavelenpth light capable of 
10n1ZIng a hydrogen atom in the ground state? 

56. (II) What wavelength photon would be required to 1on1ze 

a hydrogen atom In the ground state and give the ejected 

electron a kinetic energy of 11.5 eV? 

(II) In the Sun, an ionized helium (He') atom makes a 

transition from the ” = 6 state to the  = 2 state, emit- 

ting a photon. Can that photon be absorbed by hydrogen 
atoms present in the Sun? If so, between what energy 
states will the hydrogen atom transition occur? 

58. (II) Construct the energy-level diagram for the He” ion 

(Iike Fig. 27-29). 

(ID Construct the energy-level diagram for doubly ionized 

lithium, LÍ". 

(H) Determine the electrostatic potential energy and the 

kinetic energy of an electron in the ground state of the 

hydrogen atom. 

(I) A hydrogen atom has an angular momentum of 

5.273 x 10””?kg-m^/s. According to the Bohr model, what 

1s the energy (eV) associated with this state? 

62. (II) An excited hydrogen atom could, in principle, have a 

radius of 1.00 cm. What would be the value of for a Bohr 

orbit of this size? What would its energy be? 

(H) Is the use of nonrelativistic formulas justified in the 

Bohr atom? To check, calculate the electron”s velocIty, ?, 

1n terms Of c, for the øground state of hydrogen, and then 

calculate 4⁄1 — 02/c?. 

(HT) Show that the magnitude of the electrostatic potential 

energy of an electron in any Bohr orbit of a hydrogen atom 

1s twice the magnitude of its kinetic energy In that orbit. 

(MT) Suppose an electron was bound to a proton, as In the 

hydrogen atom, but by the gravitational force rather than 

by the electric force. What would be the radius, and energy, 
of the first Bohr orbit? 
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 General Problems 


66. The Big Bang theory (Chapter 33) states that the beginning 


G17. 


68 


69 


70. 


71. 


72. 


73. 


74 


75 


76. 


of the universe was accompanied by a huge burst of 
photons. Those photons are still present today and make up 
the so-called cosmic microwave background radiation. 
The universe radiates like a blackbody with a temperature 
today of about 2.7 K. Calculate the peak wavelength of this 
radiation. 


At low temperatures, nearly all the atoms In hydrogen gas 
wIll be In the pround state. What minimum frequency photon 
1s needed If the photoelectric effect is to be observed? 


A beam of 72-eV electrons 1s scattered from a crystal, as 
1n X-ray diffraction, and a first-order peak 1s observed at 
Ø0 = 3&°. What 1s the spacing between planes in the 
diffracting crystal? (See Section 25-11.) 


A microwave oven produces electromagnetic radiation at 
À = 12.2cm and produces a power of 720W. Calculate the 
number of microwave photons produced by the microwave 
oven each second. 


Sunlipht reaching the Earth”s atmosphere has an Intensity of 
about 1300 W/m”. Estimate how many phoftons per square 
meter per second this represents. Take the averaøe wave- 
length to be 550 nm. 


A beam of red laser light (ÀA = 633nm) hits a black wall 
and 1s fully absorbed. I this light exerts a total force 
Ƒ = 5.8nN on the wall, how many photons per second are 
hifung the wall2 


A flashlipht emits 2.5W of lipht. As the lipht leaves the 
flashlight In one direction, a reaction force 1s exerted on 
the flashlight in the opposite direction. Estimate the s1ze of 
this reaction force. 


A photomultiplier tube (a very sensitive lipht sensor), 1s 
based on the photoelectric effect: incident photons strike a 
metal surface and the resulting ejected electrons are 
collected. By counting the number of collected electrons, 
the number of incident photons (I.e., the incident light 
Intensity) can be determined. (z) If a photomultiplier tube 
1s fo respond properly for incident wavelengths through- 
out the visible range (410nm to 750nm), what ¡1s the 
maximum value for the work function Wọ (eV) of its metal 
surface? (b) If Wọ for its metal surface 1s above a certain 
threshold value, the photomultiplier wIll only function for 
1neident ultraviolet wavelengths and be unresponsive to 
visible light. Determine this threshold value (eV). 


If a 100-W lightbulb emits 3.0% of the input energy as 
visible lipht (average wavelength 550 nm) uniformly ¡n all 
directions, estimate how many photons per second of 
visible lipght will strike the pupIl (4.0 mm diameter) of the 
eye of an observer, (2) 1.0 m away, () 1.0 km away. 


An electron and a positron collide head on, annihilate, and 
create two 0.85-MeV photons traveling in opposite direc- 
tions. What were the Initial kinetic energles of electron 
and positron? 


By what potential difference must (ø) a proton (m = 
1.67 x 1077? kg), and (0) an electron (zz = 9.11 x 10”! kg), 
be accelerated from rest to have a wavelength 
À = 4.0 x 10''m? 
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In some of Rutherford's experiments (Fig. 27-19) the 
œ particles (mass = 6.64 x 10 ”kg) had a kinetic energy 
of 4.6 MeV. How close could they get to the surface of a 
gold nucleus (radius % 7.0 x 10 'm, charge = +79)? 
lgnore the recoil motion of the nucleus. 

By what fraction does the mass of an H atom decrease 
when it makes an ø# = 3 to ø = 1 transition? 

Calculate the ratio of the gravitational force to the electric 
force for the electron In the ground sfate of a hydrogen 
atom. Can the gravitational force be reasonably ignored? 
Electrons accelerated from rest by a potential difference 
of 12.3 V pass through a gas of hydrogen atoms at room 
temperature. What wavelengths of light will be emitted? 
In a particular photoelectric experiment, a stopping 
potential of 2.10 V ¡is measured when ultraviolet light of 
wavelength 270nm 1s incident on the metal. Using the 
same setup, what will the new stopping potential be 1f blue 
light of wavelength 440 nm 1s used, instead? 

Neutrons can be used in diffraction experimenfts to probe 
the lattice structure of crysfalline solids. Since the neutron”s 
wavelength needs to be on the order of the spacing 
between atoms In the lattice, about 0.3nm, what should 
the speed of the neutrons be? 

In Chapter 22, the intensity of light striking a surface was 
related to the electric field of the associated electro- 
magnetic wave. For photons, the intensity 1s the number of 
photons striking a l-m7 area per second. Suppose 
1.0 x 10!2photons of 497-nm light are incident on a 1-m? 
surface every second. What is the Intensity of the lipht? 
Ủsing the wave model of lipht, what ¡is the maxinum 
electric field of the electromagnetic wave? 

The intensity of the Sun's light in the vicinity of the Earth 
is about 1350 W/m”. Imagine a spacecraft with a mirrored 
square sail of dimension 1.0 km. Estimate how mụuch thrust 
(in newton§) this craft will experience due to collisions with 
the Sun”s photons. [Hm: Assume the photons bounce off the 
sail with no change in the magnitude of theIr momentum.] 
Lipht of wavelength 280 nm strikes a metal whose work 
function 1s 2.2eV. What is the shortest de Broglie wave- 
length for the electrons that are produced as photoelectrons? 
Photons of energy 6.0eV are Iincident on a metal. lt 1s 
found that current flows from the metal until a stopping 
potential of 3.8V is applied. If the wavelength of the 
1ncident photons 1s doubled, what is the maximum kinetic 
energy of the ejected electrons? What would happen If the 
wavelength of the incident photons was tripled? 

What would be the theoretical limit of resolution for an 
electron microscope whose electrons are accelerated 
through 110 kV? (Relativistic formulas should be used.) 
Assume hydrogen atoms In a gas are Initially In their 
øround state. If free electrons with kinetic energy 12.75 eV 
collide with these atoms, what photon wavelengths will be 
emitted by the gas? 

Visible light incident on a diffraction grating with slit 
spacing of 0.010 mm has the first maxImum at an angle of 
3.6” from the central peak. If electrons could be diffracted 
by the same grating, what electron velocity would produce 
the same diffraction pattern as the visible light? 
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(2) Suppose an unknown element has an absorpftion spec- 
trum with lines corresponding to 2.5, 4.7, and 5.1 eV above 
1ts øround state and an Ion1zation energy of 11.5 eV. Draw 
an energy level diagram for this element. (b) If a 5.1-eV 
photon 1s absorbed by an atom of this substance, in which 
sfate was the atom before absorbing the photon? What will 
be the energles of the photons that can subsequently be 
emitted by this atom? 

A photon of momentum 3.53 x 10 ”®kg-m/s is emitted 
from a hydrogen atom. To what spectrum series does this 
photon belong, and from what energy level was 1t eJjected? 
Lipht of wavelength 464 nm falls on a metal which has a 
work function of 2.28 eV. (z) How much voltage should be 
appled to bring the current to zero? (b) What 1s the 
maximum speed of the emitted electrons? (c) What is the 
de Broglie wavelength of these electrons? 


Name the person or people who did each of the following: 
(z) made the first direct measurement of the charge-to- 
mass ratio of the electron (Section 27-1); (b) measured 
the charge on the electron and showed that 1t is quantized 
(Section 27-1); (c) proposed the radical assumption that 
the vibrational energy of molecules in a radiating obJect 1s 
quantized (Sections 27-2, 27-3); (đ) found that light 
(X-rays) scattered off electrons in a material will decrease 
the enersy of the photons (Section 27-5); (e) proposed 
that the wavelength of a material particle would be related 
(O 1s momentum In the same way as for a photon 
(Section 27-8); (ƒ) performed the first crucial experiment 
1llustrating electron diffraction (Section 27—6); (ø) deciphered 
the nuclear model of the atom by aiming œ particles at 
gold foïl (Section 27—10). 


. State the principle of complementarity, and g1ve at least two 


experimental results that support this principle for electrons 
and for photons. (See Section 27—7 and also Sections 27—3 
and 27-8.) 


. lImagine the following Young? double-slit experiment 


using matter rather than light: electrons are accelerated 
throupgh a potential difference of 12 V, pass through two 
closely spaced sÏits separated by a distance đ, and create 
an Interference pattern. (z) Using Example 27-11 and 
Section 24-3 as guides, fnd the required value for ở 1 the 
first-order Interference fringe 1s to be produced at an angle 
of 10. (5) Given the approximate s1ze of atoms, would it 
be possible to construct the required two-slit set-up for 
this experiment? 


. Does each of the following support the wave nature or the 


particle nature of light? (4) The existence of the cutoff 
frequenecy ¡In the photoelectric effect; (b) Young”s double- 
slit experiment; (c) the shift in the photon frequency 1n 
Compton scattering; (đ) the diffraction of lipht. 
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An electron accelerated from rest by a 96-V potential 
đifference is injected into a 3.67 x 10T magnetic field 
where it travels in an 18-cm-diameter circle. Calculate e/zn 
from this Informafion. 

Estimate the number of photons emitted by the Sun in a 
year. (Take the average wavelength to be 550 nm and the 
intensity of sunlieht reaching the Earth (outer atmosphere) 
as 1350 W/m”.) 

Apply Bohr”s assumptions to the Earth-Moon system to 
calculate the allowed energies and radii of motion. Given 
the known distance between the Earth and Moon, 1s the 
quanftization of the energy and radius apparent? 

At what temperature would the average kinetic energy 
(Chapter 13) of a molecule of hydrogen gas (H;) be suffi- 
cienf to excite a hydrogen atom out of the ground state? 


[ Search and Learn 
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(a) From Sections 22-3, 24-4, and 27-3, estimate the mini- 
mum enersy (eV) that initiates the chemical process on the 
retina responsible for vision. (b) Estimate the threshold 
photon energy above which the eye regIsters no sensation 
Of sipht. 

(2) A rubidium atom ( = 85 u) is at rest with one electron 
in an excited energy level. When the electron Jumps to 
the ground state, the atom emits a photon of wavelength 
À= 780nm. Determine the resulting (nonrelativistic) 
recoil speed œ of the atom. (5) The recoil speed sets the 
lower limit on the temperature to which an ideal gas of 
rubidium atoms can be cooled in a laser-based afom trap. 
Using the kinetic theory of gases (Chapter 13), estimate 
this “lowest achievable” temperature. 


. SUppose a particle of mass # 1s conflned to a one- 


dimensional box of width L. According to quantum theory, 
the particle's wave (with À = h/m) is a standing wave 
with nodes at the edges of the box. (z) Show the possible 
modes of vibration on a diagram. (5) Show that the kinetic 
energy of the particle has quantized energies gIven by 
KE = 7J2/8mL”, where øở is an integer. (c) Calculate the 
øround-state energy (w = 1) for an electron confined to a 
box of width 0.50 < 10”!9m. (đ) What is the pround-state 
energy, and speed, of a baseball ( = 140g) in a box 
0.65m wide? (e) An electron confined to a box has a 
øround-state energy of 22 eV. What ¡is the width of the box? 
[Himr: See Sections 27—8, 27—13, and 11—12.] 


ANSWERS TO EXERCISES 


Á: Àp = 725nm, so red. D: Only À. 
B: More 1000-nm photons (each has lower energy). E: Decrease. 
C: 5.50 x 101!#Hz, 545 nm. E: (e). 
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Quantum MechanIcs 
of Atoms 


CHAPTER-OPENING QUESTION——Guess now! 


The uncertainty principle states that 
(a) no measurement can be perfect because 1t 1s technologically impossIble to 
make perfect measuring 1nstruments. 
(b) 1t 1s Impossible to measure exactly where a particle 1s, unless 1f 1s af resf. 
(€) 1t 1s Impossible to simultaneously know both the position and the momen- 
tum oŸ a particle with complete certainty. 
(đ) a particle cannot actually have a completely certain value of momenftum. 


atom 1s like. It proposed explanations for why there 1s emission and absorp- 
tion oŸ light by atoms at only certain wavelengths. The wavelengths of the 
line spectra and the Ionization energy for hydrogen (and one-electron Ions) are 
1n excellent agreement with experiment. But the Bohr model had important 
limtations. It was not able to predict line spectra for more complex atoms——atoms 
with more than one electron——not even for the neutral helium atom, which has only 
two electrons. Nor could 1t explain why emission lines, when viewed with great 
pr€cIsion, consist of two or more very closely spaced lines (referred to as ƒime 
sfructure). The Bohr model also did not explain why some spectral lines were 
brighter than others. And 1t could not explain the bonding of atoms In molecules 
or 1n solids and liquids. 
From a theoretical poïnt of view, too, the Bohr model was not safisfactOry: 1t 
was a strange mixture of classical and quantum ideas. Moreover, the wave—particle 
duality was not really resolved. 


B ohr”s model of the atom gave us a first (though rough) picture of what an 


A neon tube 1s a thin glass tube, 
moldable into various shapes, 
filled with neon (or other) gas 
that glows with a particular color 
when a current at hiph voltage 
passes through 1t. Gas atoms, 
excited to upper energy levels, 
jump down to lower energy 
levels and emit light (photons) 
whose wavelengths (color) are 
characteristic of the type oŸ øas. 
In this Chapter we study what 
quantum mechanics tells us 
about atoms, their energy levels, 
and the effect of the exclusion 
principle for atoms with more 
than one electron. We also 
discuss interesting applicatlons 
such as lasers and holography. 
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FIGURE 28-1 Erwin Schrödinger with Lise Meitner FIGURE 28-2 Werner Heisenberg (center) on Lake Como (Italy) 
(codiscoverers of nuclear fission, Chapter 31). with Enrico Fermi (left) and Wolfgang Pauli (right). 


We mention these limitations of the Bohr model not to disparage 1t—ÍOT 1t 
was a landmark In the history of sclence. Rather, we mention them to show why, 
1n the early 1920s, it became 1ncreasingly evident that a new, more comprehensIve 
theory was needed. It was not long 1n coming. Less than two years after de Broglie 
gave us his matter-wave hypothesis, Erwin Schrödinger (1887-1961; Fig. 28—1) 
and Werner Heisenberg (1901—1976; Eig. 28-2) independently developed a new 
comprehensive theory. 


28~—] Quantum Mechanics—A New Theory 


The new theory, called quantum mechanics, has been ex(remely successful. It 
unifies the wave—particle duality into a single consistent theory and has success- 
fully dealt with the spectra emitted by complex atoms, even the fine detalls. It 
explains the relative brightness of spectral lines and how atoms form molecules. 
It 1s also a much more general theory that covers all quantum phenomena from 
blackbody radiation to atoms and molecules. It has explained a wide range of 
natural phenomena and from 1ts predictions many new practical devices have 
become possible. Indeed, 1t has been so successful that it is accepted today by 
nearly all physicists as the fundamental theory underlying physical processes. 

Ouantum mechanics deals mainly with the microscopic world of atoms and 
light. But this new theory, when it 1s applied to macroscopic phenomena, must be 
able to produce the old classical laws. This, the correspondence principle (already 
mentioned in Section 27—12), 1s satisfied fully by quantum mechanics. 

This doesn”t mean we should throw away classical theories such as NÑewton”s 
laws. In the everyday world, classical laws are far easler to apply and they gIive 
sufficilently accurate descriptions. But when we deal with high speeds, close to 
the speed oflight, we must use the theory of relativity; and when we deal with the 
tiny world of the atom, we use quantum mechanIcs. 

Although we wont go into the detailed mathematics of quantum mechanIcs, 
we will discuss the main ideas and how they involve the wave and particle 
properties of matter to explain atomic structure and other applications. 


28—2 The Wave Function and Its 
Interpretation; the Double-Slit Experiment 


The Important properties of any wave are 1{s wavelength, frequency, and ampli- 
tude. For an electromagnetic wave, the frequency (or wavelength) determines 
whether the light 1s in the visible spectrum or not, and 1f so, what color 1t 1s. We 
also have seen that the frequency 1s a measure of the energy of the corresponding 
photon, # = hƒ (Eq. 27-4). The amplitude or displacement of an electromagnetic 
wave af any poïnt 1s the strength of the electric (or magnetic) field at that point, 
and ïs related to the intensity of the wave (the brightness of the light). 
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For materlal particles such as electrons, quantum mechanics relates the 
wavelength to momentum according to de Broglie”s formula, À = h/p, Eq.27-8. 
But what corresponds to the ø?p]tude or đisplacermemf ofa matter wave? The ampli- 
tude of an electromagnetic wave 1s represenfed by the electric and magnetic fñields, 
# and Ö. In quantum mechanics, this role 1s played by the wave function, which 
1S øiven the symbol W (the Greek capital letter psi, pronounced “sigh”). Thus 
represents the wave displacement, as a funcfion of time and position, oŸ a new 
kimd of field which we might call a “matter” fleld or a matter wave. 

To understand how to Interpret the wave function 1, we make an analogy 
with light using the wave—particle duality. 

We saw in Chapter 11 that the intensity 7ƒ oŸ any wave 1s proportional to the 
square of the amplitude. This holds true for light waves as well, as we saw 1n 
Chapter 22. That 1s, 


Iœ E*, 


where #;1s the electric field strength. From the ar/icle point OÝ view, the 1ntensity 
of a light beam (of given frequency) is proportional to the number of photons, W, 
that pass through a given area per unmit time. The more photons there are, the 
øreater the Iintensity. Thus 


IoœE?œN. 
Thịs proportion can be turned around so that we have 
NeœE. 


That is, the number of photons (striking a page of this book, say) is proportional 
to the square of the electric field strength. 

TỶ the lght beam 1s very weak, only a few photons wIll be involved. Indeed, 1t 
1S possible to “build up” a photograph 1n a camera using very weak light so the 
effect of photons arriving can be seen. If we are dealing with only one photon, 
the relationship above (W œ E?) can be interpreted in a slightly đifferent way. At 
any point, the square of the electric field strength #” is a measure of the probability 
that a photon will be at that location. At points where Ƒ” ¡s large, there ¡s a high 
probability the photon will be there; where #” is small, the probability is low. 

W©e can Inferpret matter waves 1n the same way, as was ñirst suggested by 
Max Born (1882-1970) m 1927. The wave function 1 may vary in magnitude 
from poïnt to poinf 1n space and time. If W describes a collection of many electrons, 
then W” at any point will be proportional to the number of electrons expected to 
be found at that point. When dealing with small numbers of electrons we can't 
make very exact predictions, so 1P? takes on the character of a probability. If \, 
which depends on time and position, represents a sinple electron (say, in an atom), 
then Z ¡s interpreted like this: 1Ÿ aí a certain point in space and time represenfs 
the probability oƒ finding the electron at the giuen position and time. Thus \WZ is 
often referred to as the probability density or probability distribution. 


Double-Slit Interference Experiment for Electrons 


To understand this better, we take as a thought experiment the familiar double-slit 
experiment, and consider 1t both for light and for electrons. 

Consider two slits whose s1ze and separation are on the order of the wave- 
length of whatever we dđirect at them, either hght or electrons, Fig. 28-3. We 
know very well what would happen 1n this case for light, since this 1s Just Young”s 
double-slit experiment (Section 24-3): an Interference pattern would be seen 
on the screen behind. If lipht were replaced by electrons with wavelength 
comparable to the slit size, they too would produce an mnterference pattern 
(recall Fig. 27—12). In the case of light, the pattern would be visible to the eye or 
could be recorded on film, semIiconductor sensor, or screen. For electrons, a fuores- 
cent screen could be used (¡it glows where an electron strikes). 


FIGURE 28-3 Parallel beam, of 


light or electrons, falls on two sÏits 
whose s1zes are comparable to the 
wavelength. An interference pattern 


1s oDserved. 


Light or 
electrons 


|||Il 


Intensity 
on screen 


SECTION28-2 The Wave Function and lts Interpretation; the Double-Slit Experiment 
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FIGURE 28-4 Young;s double-slit 
experiment done with electrons—— 
note that the pattern 1s not evident 
with only a few electrons (top 
photo), but with more and more 
electrons (second and third photos), 
the familiar double-slit Interference 
pattern (Chapter 24) is seen. 


TIf we reduced the flow of electrons (or photons) so they passed through the 
sÏits one at a time, we would see a flash each time one struck the screen. At first, 
the flashes would seem random. Indeed, there 1s no way to predict Just where any 
one electron would hit the screen. If we let the experiment run for a long time, 
and kept track of where each electron hit the screen, we would soon see a pattern 
emergIng——the Interference pattern predicted by the wave theory; see Fig. 28—4. 
Thus, although we could not predict where a given electron would strike the 
screen, we could predict probabilities. (The same can be said for photons.) The 
probability, as we saw, is proportional to 1”. Where Z is zero, we would get a 
minimum ïn the interference pattern. And where 1P? ¡is a maximum, we would get 
a peak In the Interference pattern. 

The interference pattern would thus occur even when electrons (or photons) 
passed through the slits one at a time. So the interference pattern could not arIse 
from the Interaction of one electron with another. It 1s as 1ƒ an electron passed 
throuph both slits at the same time, Interfering with 1tself. This 1s possible because 
an electron 1s not precisely a particle. It is as much a wave as 1f 1s a particle, and 
a wave could travel through both slits at once. But what would happen I1 we 
covered one of the sÏits so we knew that the electron passed through the other sht, 
and a little later we covered the second slit so the electron had to have passed 
throuph the first slit? The result would be that no Interference pattern would be 
seen. We would see, instead, two bripht areas (or diffraction patterns) on the 
screen behind the slits. 

lIf both slits are open, the screen shows an Interference pattern as 1Ÿ each 
electron passed through both slits, ke a wave. Yet each electron would make a 
tiny spot on the screen as 1 1t were a particle. 

The main point of this discussion 1s this: IŸ we treat electrons (and other 
particles) as 1ƒ they were waves, then 1 represents the wave amplitude. IÝ we 
treat them as particles, then we must treat them on a probabilistic basis. The 
square of the wave function, 1ˆ, sives the probability of finding a given electron 
at a given point. We cannot predict—or even follow—the path of a single 
electron precisely through space and time. 


28—3 The Heisenberg Uncertainty Principle 


Whenever a measurement ¡is made, some uncertainty 1s always involved. For 
example, you cannot make an absolutely exact measurement of the length of a 
table. Even with a measuring stick that has markings 1 mm apart, there will be an 
inaccuracy of perhaps mm or so. More precise instruments will produce more 
precIlse measurements. But there is always some uncertainty Involved In a 
mneasurement, no matter how good the measuring device. We expect that by 
using more precise 1nstrumenfs, the uncertainty 1n a measurement can be made 
1ndefimtely small. 

But according to quantum mechanics, there 1s actually a limit to the precision 
Of certain measurements. This limit 1s not a restriction on how welÏ instrumenfts 
can be made; rather, 1t 1s inherent In nature. It is the result of two factors: the 
wave-particle duality, and the unavoidable interaction between the thing observed 
and the observing Instrument. Let us look at this in more detaIl. 

To make a measurement on an obJect without disturbing 1t, at least a lttle, 1s 
not possible. Consider trying to locate a lost Ping-pong ball in a dark room: you 
could probe about with your hand or a stick, or you could shine a light and detect 
the photons reflecting off the ball. When you search with your hand or a stick, 
you find the ball's positilon when you touch 1t, but at the same time you unavoid- 
ably bump 1t, and give 1t some momentum. Thus you wont know 1ts ƒfure 
posItlon. If you search for the Ping-pong ball using lipht, in order to “see” the ball 
at least one photon (really, quite a few) must scatter from it, and the reflected 
photon must enter your eye or some other detector. When a photon strikes an 
ordinary-sized obJect, 1t only slightly alters the mofion or position of the obJect. 
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But a photon striking a tiny obJect like an electron transfers enoush momentum 
to greatly change the electron”s motion and position in an unpredictable way. The 
mere act of measuring the position of an ob]ect at one time makes our knowledge 
Of 1ts future posItion ImpTecIse. 

Now let us see where the wave—particle duality comes In. Imagine a thought 
experiment in which we are frying to measure the positon of an object, say an 
electron, with photons, Fig. 28-5. (The areuments would be similar IÝ we were 
using, Instead, an electron microscope.) As we saw in Chapter 25, objects can be 
seen to a precision at best of about the wavelength of the radiation used due to 
diffraction. lf we want a precise positon measurement, we must use a short 
wavelenpgth. But a short wavelength corresponds to hiph frequency and large 
momentum (p = /À); and the more momentum the photons have, the more 
momentum they can gIve the obJect when they strike 1t. IÝ we use photons of 
longer wavelength, and correspondingly smaller momentum, the obJect's motion 
when struck by the photons will not be affected as much. But the longer wave- 
length means lower resolution, so the obJect's position will be less accurately 
known. Thus the act of observing produces an uncertainty in both the posiion 
and the ?ørnenfum oŸ the electron. This 1s the essence of the cerfainfy principle 
ñirst enunciated by Heisenberg In 1927. 

Quantitatively, we can make an approximate calculation of the magnitude of 
the uncertainties. If we use lipht of wavelength À, the position can be measured at 
best to a precision of about À. That 1s, the uncertainty in the position measurement, 
Ax, 1S approxImately 


Ax 4 À. 


Suppose that the obJect can be detected by a single photon. The photon has a 
momentum p, = /À (Eq. 27-6). When the photon strikes our object, it will 
øIve some or all of this momentum to the object, Eig. 28—5. Therefore, the final 
x momentum of our obJect wIll be uncertain 1n the amount 


Ap, ® — 

Dy A 
since we can't tell how much momentum will be transferred. The product of 
these uncertaInfies 1s 


(Ax)(Ap,) ~ @(`) `. 


The uncertainties could be larger than this, depending on the apparatus and the 
number of photons needed for detection. A more careful mathematical calcula- 
tion shows the product of the uncertainties as, at best, about 


h 
(Ax)(Ap) X2 (28~1) 


Thịs 1s a mathematical statement of the Heisenberg uncertainty principle, or, as 1f 
1S sometimes called, the indeterminaney principle. It tells us that we cannot measure 
both the positon za#đ momentum of an oblJect precisely at the same time. The 
more accurately we try to measure the position, so that Ax 1s small, the greater 
will be the uncerfainty in momentum, Â?,. If we try to measure the momentum 
very accurately, then the uncertainty In the positlon becomes large. The uncertainty 
prmciple does not forbid Individual precIse measurements, however. For example, 
1n prineiple we could measure the positon of an object exactly. But then Its 
momentum would be completely unknown. Thus, although we might know the 
posifion of the obJect exactly at one 1nstant, we could have no 1dea at all where 1t 
would be a momernt later. The uncertainties expressed here are 1nherent 1n nature, 
and reflect the best precision theoretically attainable even with the best Instruments. 


â 


Electron 


Light Light 
SOUTC€ SOUTC€ 
(a) (b) 


FIGURE 28-5 Thought experiment 
for observing an electron with a 
powerful light microscope. At least 
one photon must scatter from the 
electron (transferring some 
momentum to 1t) and enter the 
TmICTOSCODe€. 


DNCERTAINTY PRINCIPLE 
(position and mormentum) 


Â*CAUTION 
Dncertainties not due 
to instrument deficilency, 
but inherenf in nature (tUuaue-particle) 


SECTION 28-3 The Heisenberg Uncertainty Principle 807 


DUNCERTAINTY PRINCIPLE 
(energy and time) 


EXERCISEAA Return to the Chapter-Opening Question, page 803, and answer It again 
now. Try to explain why you may have answered differently the first time. 


Another useful form of the uncertainty principle relates energy and time, 
and we examine this as follows. The obJect to be detected has an uncertainty in 
posilion Ax + À. The photon that detects 1t travels with speed c, and 1t takes a 
time Aƒ + Ax/c  À/c to pass through the distance of uncertainty. Hence, the 
measured time when our obJect 1s at a øIven position 1s uncertain by about 

À 
Af x3 —' 
C 
Since the photon can transfer some or all of its energy (= ƒ# = hc/À) to our 
obJect, the uncertainty 1n energy of our obJect as a resulf 1s 


he, 
À 


AE » 


The product of these two uncertainfies 1s 


spa = (E3 


A mơre careful calculatlon ø1ves 


h 
(AB(A) x —: (28-2) 


Thịs form of the uncertainty principle tells us that the energy of an obJect can be 
uncertain (or can be Interpreted as briefly nonconserved) by an amount A# for a 
time Af  J/(2m AE). 

The quantity (h/27r) appears so often in quantum mechanics that for conven- 
Ience If is øiven the symbol ñ (“h-bar”). That is, 


h— 6626 x 103: 
j= = Š = 1085 X10 1: 
27 27 


By using this notation, Eqs. 28—1 and 28-2 for the uncertainty principle can be 
written 


(Ax)(Ap,) > 
and 
(AE)(A' 3> ñ. 


We have been discussing the position and velocify of an electron as 1Í 1t were 
a particle. But ït 1sn't simply a particle. Indeed, we have the uncertainty principle 
because an electron—and matter In general——has wave as welÏ as particle prop- 
erties. What the uncertainty principle really tells us 1s that 1Ÿ we 1nsist on thinking 
of the electron as a particle, then there are certain limitations on this simpliied 
Vview——namely, that the position and velocity cannot both be known precisely at 
the same time; and even that the electron does not hze a precise position and 
momentum at the same time (because it is not simply a particle). Similarly, the 
energy can be uncertain (or nonconserved) by an amount A for a time Afƒ + ñ/AE. 

Because Planck”s constant, h, 1s so small, the uncerfainties expressed 1n the 
uncertainty principle are usually negligible on the macroscopic level. But at the 
level of atomic s1zes, the uncertaintiles are sipnificant. Because we consider 
ordinary obJects to be made up of atoms confaining nuclei and electrons, the 
uncertainty principle 1s relevant to our understanding of all of nature. The 
uncertainty principle expresses, perhaps most clearly, the probabilistic nature of 
quantum mechanics. If thus 1s often used as a basis for philosophic discussion. 
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Position uncertainty of electron. An electron moves in a 
straipht line with a constant speed  = 1.10 x 109 m/s which has been measured 
to a precision of 0.10%. What is the maximum precision with which 1s position 
could be simultaneously measured? 


APPROACH The momentum is p= 7, and the uncertainty In p 1s 
Ap = 0.0010p. The uncertainty principle (Eq. 28-1) gives us the smallest uncer- 
tainty in position Ax using the equals sign. 
SOLUTION The momentum of the electron 1s 

p= mo = (911 x 103'kg)(1.10 x 105m/s) = 1.00 x 10“ kg-m/s. 


The uncertainty in the momentum ¡s 0.10% of this, or Ap = 1.0 x 10” “kg-m/s. 
From the uncertainty principle, the best simultaneous positlon measurement will 
have an uncertainty of 


ñ 1.055 x 10T: 
Ax #¬—= =........ 
Ap 1.0 x 10 ”“kg-m/s 


or 110 nm. 
NOTE This 1s about 1000 times the diameter of an atom. 


EXERGISE B An electrons position is measured with a precision of 0.50 < 10”!°m. 
Find the minimum uncertainty In 1s momentum and velocity. 


EXAMPLE 28-2 | Position uncertainty of a baseball. What is the uncertainty 
1n position, imposed by the uncertainty principle, on a 150-g baseball thrown at 
(93 + 2)mi/h = (42 + 1)m/s? 

APPROACH The uncertainty in the speed is Au = 1m/s. We multiply Áo by zn 
to get A? and then use the uncertainty principle, solving for Ax. 


SOLUTION The uncertainty in the momentum 1s 
Ap = mAu = (0.150kg)(1m/s) = 0.15kg-m/s. 
Henece the uncertainty 1n a position measurement could be as small as 


ñ 1.055 x 10”J: 
Ax =——= ˆ = 7x10m. 
Ap 0.15 kg-m/s 
NOTE This distance 1s far smaller than any we could imagine observing or 
measuring. lt 1s trillons of trillions of times smaller than an atom. Indeed, the 
uncertainty principle sets no relevant limit on measurement for macroscopic Ob]Jects. 


EXAMPLE 28-3  ESTIMATE | J/ÿ lifetime calculated. The J/ÿ meson, 


discovered in 1974, was measured to have an average mass of 3100 MeV/cŸ (note 
the use of energy units since # = 7c”) and a mass “width” of 63 keV/c?. By 
this we mean that the masses of different J/ÿ mesons were actually measured to 
be slightly different from one another. This mass “width” 1s related to the very 
short lifetime of the J/ÿ before it decays into other particles. From the uncertainty 
principle, 1f the particle exists for only a time Aứ, 1ts mass (or rest energy) wIll 
be uncertain by AE + ñ/At. Estimate the J/ÿ lifetime. 
APPROACH We use the energy-time version of the uncertainty principle, 
Eq.28-2. 
SOLUTION The uncertainty of 63 keV/c” in the J/ÿs mass is an uncertainty in 
1{s rest energy, which 1n Joules 1s 

AE = (63 x 10eV)(1.60 x 10'?J/eV) = 1.01 x 1014, 
Then we expect its lifetime 7 (= Af using Eq. 28-2) to be 

ñ 1.055 x 10*J-s 
T® = > 1x109s, 
AE 101 x10J 


Lifetimes this short are difficult to measure directly, and the assignment of very 
short lifetimes depends on this use of the uncertaInty principle. 
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28-4 Philosophic Implications; 
Probability versus Determinism 


The classical ÑNewtonian view of the world 1s a deterministic one (see Section 5—§). 
One of 1s basic Ideas 1s that once the position and velocity of an obJect are 
known at a particular time, 1fs future position can be predicted 1f the forces on 1t 
are known. For example, 1Ÿ a stone 1s thrown a number of times with the same 
1miial velocity and angle, and the forces on 1t remain the same, the path of the 
projectile will always be the same. IỶ the forces are known (øravify and aIr resIs- 
tance, Iƒ any), the stone”s path can be precisely predicted. This mechanistic view 
implies that the future unfolding of the universe, assumed to be made up of 
particulate obJects, 1s completely determined. 

Thịs classical deterministic view of the physical world has been radically altered 
by quantum mechanics. As we saw 1n the analysis of the double-slit experiment 
(Section 28~2), electrons all treated in the same way will not all end up in the same 
place. According to quantum mechanics, certain probabilities exist that an elec- 
tron will arrive at different points. Thĩs 1s very different from the classical view, in 
which the path of a particle 1s precisely predictable from the Initial position and 
velocify and the forces exerted on 1t. According to quantum mechanics, the position 
and velocity of an object cannot even be known accurately at the same time. 
Thịs 1s expressed In the uncertainty principle, and arises because basic entifies, 
such as electrons, are not considered simply as particles: they have wave properfIes 
as well. Quantum mechanics allows us to calculate only the probabilityÌ that, say, 
an electron (when thought of as a particle) wIll be observed at various places. 
Quantum mechanics says there 1s some inherent unpredictability in nature. Thĩs 
1S very different from the determinisfic view of classical mechanIcs. 

Because matter 1s considered to be made up of atoms, even ordinary-sized 
obJects are expected to be governed by probability, rather than by strict deter- 
minism. For example, quantum mechanics predicts a finite (but negligibly small) 
probability that when you throw a stone, 1s path might suddenly curve upward 
1nstead of following the downward-curved parabola of normal proJectile motion. 
Quantum mechanics predicts with extremely high probability that ordinary ob]Jecfs 
wIll behave 1ust as the classical laws of physlcs predict. But these predictions are 
considered probabilities, not absolute certainties. The reason that macroscopIC 
obJects behave 1n accordance with classical laws with such hiph probability 1s due 
to the large number of molecules involved: when large numbers of objects are 
present in a statistical situation, deviations from the average (or most probable) 
approach zero. It 1s the average configuration of vast numbers of molecules that 
follows the so-called fixed laws of classical physics with such high probability, 
and ø1ves rIse to an apparent “determinism.” Deviations from classical laws are 
observed when small numbers of molecules are dealt with. We can say, then, that 
although there are no precise determinisfic laws In quantum mechanIcs, there are 
statistical laws based on probability. 

It 1s Important to note that there 1s a difference between the probability 
1mposed by quantum mechanics and that used In the nineteenth century to 
understand thermodynamics and the behavior of øases 1n terms of molecules 
(Chapters 13 and 15). In thermodynamics, probability 1s used because there are 
far too many particles to keep track of. But the molecules are still assumed to 
move and 1nteract 1n a determimistic way following Newton”s laws. Probability in 
quantum mechanics 1s quite differenf; 1t 1s seen as /heremí in nature, and not as a 
limitation on our abilitles to calculate or to measure. 


ÏNote that these probabilities can be calculated precisely, just like predictions of probabilities at 
rolling dice or dealing cards; but they are unlike predictions of probabilities at sporting events, which 
are only estimates. 
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The view presented here 1s the generally accepted one and 1s called the 
Copenhagen interpretafion of quantum mechanics in honor of Niels Bohr”s home, 
since 1t was largely developed there through discussions between Bohr and other 
prominent phySICIsts. 

Because electrons are not simply particles, they cannot be thought of as 
following particular paths in space and time. This suggests that a description of 
mafter im space and time may not be completely correct. This deep and far-reaching 
conclusion has been a lively topic of discussion among philosophers. Perhaps the 
mosf Important and infiuential philosopher of quantum mechanics was Bohr. He 
argued that a space-time description of actual atoms and electrons 1s not possIble. 
'Yet a descriptlon of experimenfs on atoms or electrons must be g1ven 1n terms of 
space and time and other concepts familiar to ordinary experlence, such as waves 
and partficles. We must not let our đescripfions oŸ experimenfs lead us Into believ- 
1ng that atoms or electrons themselves actually move 1n space and time as classical 
particles. 


28-5 Quantum-Mechanical View 
Of Atoms 


At the beginning of this Chapter, we discussed the limitations of the Bohr model 
Of atomrc sfructure. Now we examine the quantum-mechanical theory of atoms, 
which 1s a far more complete theory than the old Bohr model. Although the Bohr 
model has been discarded as an accurate description of nature, nonetheless, quan- 
tum mechanics reaffirms certain aspects of the older theory, such as that electrons 
1n an atom exist only 1n discrete states of definite energy, and that a photon of 
lipht is emitted (or absorbed) when an electron makes a transition from one sfafe to 
another. But quantum mechanIics 1s a much deeper theory, and has provided us 
with a very different view of the atom. According to quantum mechanIcs, electrons 
do not exist in well-defined circular orbits as in the Bohr model. Rather, the 
electron (because of is wave nature) can be thought of as spread out in space as 
a “eloud.” The size and shape of the electron cloud can be calculated for a given 
state of an atom. For the ground state im the hydrogen atom, the electron cloud . 
1s spherically symmetric, as shown 1n Eig. 28—6. The electron cloud at 1ts hipher FIGURE 28-6 Electron cloud or 

densifies rouphly indicates the “size” of an atom. But just as a cloud may not “probability distribution” for the 

have a distinct border, atoms do not have a precise boundary or a well-defined  sround state ofthe hydrogen atom, 


size. Not all electron clouds have a spherical shape, as we shall see later in this 33Š€€R trom afar. The dots represent 
Chapter a hypothetical detection of an 


electron at each point: dots closer 
together represent more probable 
presence of an electron (denser 
cloud). The dashed circle represents 
the Bohr radius rạ. 


The electron cloud can be 1nterpreted from either the particle or the wave 
viewpoInt. Remember that by a particle we mean something that 1s localized 1n 
space—It has a delinite posiftion at any given Imnstant. By confrast, a Wave 1s 
spread out In space. The electron cloud, spread out In space as In Fig. 28—6, 1s a 
result of the wave nature of electrons. Electron clouds can also be Interpreted as 
probability distributions (or probability densify) for a particle. As we saw in 
Section 28-3, we cannot predict the path an electron will follow (thinking of it as 
a particle). After one measurement oŸ is position we cannot predict exactly where 
1t wIll be at a later time. We can only calculate the probability that 1t wIll be found 
at different points. IÝyou were to make 500 different measurements of the posifion 
of an electron in a hydrogen atom, the maJority of the results would show the 
electron at points where the probability is high (dark area In Fig. 28-6). Only 
Occasionally would the electron be found where the probability 1s low. The 
electron cloud or probability distribution becomes small (or thin) at places, 
especially far away, but never becomes zero. So quantum mechanics suggests 
that an atom 1s zø mostÏy empty space, and that there 1s no truly empty space 1n 
the universe. 
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FIGURE 28-7 Ouantization of 
angular momentum direction for 


0 =2. (Magnitude of Ủ is 
L= V6ñ.) 


FIGURE 28-8 Energy levels (not 
to scale). When a magnetic field is 
applied, the ø = 3, Ý = 2 energy 


level is split Into five separate levels, 


corresponding to the five values of 
m¿ (2,1,0, —1,—2). An n= 2, 
£ = 1 level is split into three levels 


(mụ =1,0, —]). Transitions can occur 
between Ievels (not all transitions are 


shown), with photons of several 
slightly different frequencies being 
given off (the Zeeman effect). 


nụ = 2 


28-6 Quantum Mechanics of the 
Hydrogen Atom; Quantum Numbers 


We now look more closely at what quantum mechanics tells us about the 
hydrogen atom. Much of what we say here also applies to more complex atoms, 
which are discussed in the next Section. 

Quantum mechanIics 1s a mụch more sophisticated and successful theory than 
Bohrs. Yet im a few details they apgree. Quantum mechanics predicts the same 
basic energy levels (Fig. 27-29) for the hydrogen atom as does the Bohr model. 
That 1s, 


_ 136eV 


n 


E„ = HC = 1/5, ng 


where 7 1s an imnteger. In the simple Bohr model, there was only one quantum 
number, 7. In quantum mechanics, four different quantum numbers are needed 
to specIfy each state In the atom: 


(1) The quantum number, ?, from the Bohr model 1s found also in quantum 
mechanics and 1s called the principal quantum number. Ï( can have any 
1nfeger value from 1 to co. The total energy of a state In the hydrogen atom 
depends on ø, as we saw above. 


(2) The orbifal quantum number, É, ¡s related to the magnitude of the angular 
momentum of the electron; É can take on integer values from 0 to (n — 1). 
For the ground state, ø = 1, ? can only be zero.” For ø = 3, ? can be 0, 1, or 2. 
The actual magnitude of the angular momentum 7 1s related to the quantum 
number f by 


L = VI(t+1)l (28-3) 


(where again ñ, = /2zr). The value of f has almost no effect on the total energy 
in the hydrogen atom; only ø does to any appreciable extent (but see ƒïne 
sfrucfure below). In atoms with two or more electrons, the enerey does depend 
on #as well as ø, as we shall see. 


(3) The magnefic quanfum number, 7¿, 1s related to the đ/recfion of the electron”s 
angular momentum, and ït can take on integer values ranging from —f to +É. 
For example, If ƒ = 2, then zm; can be —2, —1,0, +1, or +2. Since angular 
momentum 1s a vecfOr, 1t 1s not surpr1sing that both 1ts magmitude and 1fs direc- 
tion would be quantized. For £ = 2, the five different directions allowed can 
be represented by the diagram of Eig. 28-7. Thịs limitation on the direction 
of Ù is often called space quantization. In quantum mechanics, the direction 
of the angular momentum 1s usually specified by giving 1s component 
along the z axis (this choice 1s arbitrary). Then ¿L; is related to zm by the 
equafion 


The values of Ly and Ly are not definite, however. The name for 7w; derives not 
from theory (which relates 1t to L,), but from experiment. It was found that 
when a gas-discharge tube was placed In a magnetic field, the spectral lines 
were split into several very closely spaced lines. This splitting, known as the 
Zeeman effect, implies that the energy levels must be split (Fig.28—8), and thus 
that the energy of a state depends not only on ø but also on z, when a mag- 
nefic field 1s applied——hence the name “magnetic quantum number.” 


TThis replaces Bohr theory, which assigned £ = 1 to the ground state (Eq. 27-11). 
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(4) Finally, there 1s the spin quantum number, z,, which for an electron can have 
only two values, ø; = +¿ and 7y = —;. The existence of this quantum 
number did not come out of Schrödinger”s original wave theory, as did ứ, £, 
and 7. Instead, a subsequent modification by P. A. M. Dirac (1902-1984) 
explained Its presence as a relativistic effect. The first hint that z; was needed, 
however, came from experiment. A careful study of the spectral lines of hydrogen 
showed that each actually consisted of two (or more) very closely spaced lines 
even 1mm the absence of an external magnetic field. It was at first hypothesized 
that this tiny splitting of energy levels, called fine sfructure, was due to angular 
mnomentum associated with a spinning of the electron. That 1s, the electron might 
spm on 1fs axIs as well as orbit the nucleus, Just as the Earth spIns on 1ts aXIS 
as 1t orbits the Sun. The interaction between the tiny current of the spinning 
electron could then interact with the magnetic ñeld due to the orbiting charge 
and cause the small observed splitting of energy levels. (The energy thus depends 
slightly on z, and m,.)” Today we consider the picture of a spinning electron as 
not legitimate. We cannot even view an electron as a localized object, much less 
a spinning one. What 1s Important 1s that the electron can have two different 
stafes due to some 1ntrinsic property that behaves like an angular momentum, and 
we still call this property “spin.” The two possible values of #, (+ ÿ and — ?) 
are often said to be “spin up” and “spin down,” referring to the two possible 
đirections of the spin angular momentum. 


The possible values of the four quantum numbers for an electron In the 
hydrogen atom are summar1zed 1n Table 28—1. 


TABLE 28-1 Quantum Numbers for an Electron 


Name Symbol Possible Values 

Principal n 1,2,3,---, œ. 

Orbital { For a givenr: can be 0, 1, 2,--:,øw — 1. 
Magnetic mụ For given ø and É: zm, can be , É — 1,--:, 0,--:, —É. 
Spin 1 For each set of ø, , and zmạ: mm can be +š Of —. 


CONCEPTUAL EXAMIPLE 28-4 | Possible states for ø = 3. How many dif- 


ferent states are possIble for an electron with principal quantum number ¡+ = 3? 


RESPONSE For ø6 = 3, £ can have the values £ = 2, 1,0. For £ = 2, mạ can 
be 2, 1,0, —1, —2, which 1s five different possibilitles. For each of these, 7, can 
be either up or down (+ š or —›); so for ? = 2, there are 2 5 = 10 states. For 
£ = 1, mạ can be 1, 0, —1, and since zm, can be +2 OT — h for each of these, we 
have 6 more possible states. Finally, for É = 0, 7; can only be 0, and there are 
only 2 states corresponding to  = +; and —š. The total number of states is 
10 +6 + 2 = 18, as detailed in the following Table: 


n ! mụ L5 n + mụ Hy 
3 ø Đ) 8.Í.3:- † : 
s. Ÿ 5 = '|l 34: Ï = 
32 1 LÍ 83 0 ì 
32 j- =3 H  =‡ 
5. 5 0 .|# 1 sỉ : 
.. Ú s7 |l#. 1 s1 -=ỉi 
5ˆ Ø8 -al ¿|5 9Ô 0 _ 
Š-. Ø =1 =j| 34 ở 0 
sả ỉ 

8. Ø cñủ ji 


EXERCISE € An electron has ø = 4, ? = 2. Which of the following values of ¿ are 
possible: 4, 3, 2, 1, 0, —1, —2, —3, —4? 


PFine structure is said to be due to a spin-orbit interaction. 
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Nucleus 


(c) 


FIGURE 28-9 Electron cloud, or 
probability distribution, for „ = 2 
states in hydrogen. [The donut- 
shaped orbit in (€) ¡s the sum of two 
dumbbell-shaped orbits, as in (b), 
along the x and y axes added 
together.] 


EXAMPLE 28-5 | Ƒ and L for nú = 3. Determine (z) the energy and (b) the 
orbital angular momentum for an electron In each of the hydrogen atom states 
with øñ = 3, as 1n Example 28-4. 


APPROACH The energy of a state depends only on 7, except for the very small 
correctlons menfioned above, which we wIll Ignore. Energy 1s calculated as In the 


Bohr model, „ = —13.6 eV/z”. For angular momentum we use Eq. 28-3. 
SOLUTION (a) Since ø = 3 for all these states, they all have the same energy, 
13.6eV 
ñy = ` = =iđiev 
l G@}Ÿ 


(b) For  = 0, Eq.28§-3 gIives 

L= VIf+1) = 0. 
For  = 1, 

L = V1(+1)# = V2% = 149 x 1021-s. 
For =2, L= V2(2 +1) = V6”. 


NOTE Atomic angular momenta are generally given as a multiple of # (⁄2 ñ or 
%⁄6 ÿ in this case), rather than in SI units. 


EXERCISED_ What are the energy and angular momentum of the electron in a hydrogen 
atom with øú = 6,  = 4? 


Althouph £ and mm; do not significantly affect the energy levels in hydrogen, 
they do affect the electron probability distribution in space. For ø = 1, £ and nạ 
can only be zero and the electron distribution 1s as shown 1n Fig. 28-6. For 
n = 2, f can be0 or 1. The distribution for  = 2, # = 0 is shown in Fip. 28—9a, 
and It is seen to differ from that for the pround state (Fig. 28-6), althouph ït is still 
spherically symmetric. For ø„ = 2, f = 1, the distributions are not spherically 
symmetric as shown In Eigs.28—9b (for zm; = 0) and 28—9c (for +; = +1 or —†). 

Althoupgh the spatial distributions of the electron can be calculated for the 
varIous sfates, 1 1s difficult to measure them experimentally. Most of the experi- 
mental information about atoms has come from a careful examination of the 
emission spectra under various conditions as in Hgs. 27-23 and 24-28. 

[Chemists refer to atomic states, and especially the shape In space of theIr 
probability distributions, as orbifals. Each atomic orbital 1s characterized by 1fs 
quantum numbers ø, ƒ, and z,, and can hold one or two electrons (w„, = +ÿ or 
my = —ÿ); s-orbitals (# = 0) are spherically symmetric, Figs. 28-6 and 28-9a; 
p-orbifals (# = 1) can be dumbbell shaped with lobes, Fig. 28—9b, or donut shaped 
1Ý combining ; = +1 and ; = —1, Eig.2§-9c.| 


Selection Rules: Allowed and Forbidden Transitions 


Another prediction of quantum mechanics 1s that when a photon 1s emitted or 
absorbed, transitions can occur only between states with values of É that differ by 
exactfly one unIt: 


Af = +I. 


According to this selecfion rule, an electron in an £ = 2 state can jump only to a 
state with É = 1 or £ = 3. It cannot jump to a state with f = 2 or =0. A tran- 
siion such as É = 2 to £= 0 1s called a forbidden transiftion. Actually, such a 
transiton 1s not absolutely forbidden and can occur, but only with very low 
probability compared to allowed transifions——those that satisfy the selection rule 
Af = +1. Since the orbital angular momentum of an H atom must change by 
one unit when 1t emifs a photon, conservation of angular momentum tells us that 
the photon must carry off angular momentum. Indeed, experimental evidence of 
many sorts shows that the photon can be assigned a spin angular momentum of 1. 
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28-7 Multielectron Atoms; 
the Exclusion Principle 


We have discussed the hydrogen atom In detail because 1t 1s the simplest to deal 
with. Ñow we briefly discuss more complex atoms, those that contain more than 
one electron. Therr energy levels can be determined experimentally from an analysis 
Of thelr emission spectra. The energy levels are zø/ the same as In the H atom, 
because the electrons interact with each other as well as with the nucleus. Each 
electron In a complex atom still occuples a particular state characterized by the 
quantum numbers ø, É, zm,, and zm,. For atoms with more than one electron, 
the energy levels depend on both ø and £. 

The number of electrons In a neutral atom 1s called ifs afomic number, Z; 
Z⁄ is also the number of positive charges (protons) in the nucleus, and determines 
what kind of atom 1t 1s. That 1s, Z determines the fundamental properties that dis- 
tinguish one type of atom from another. 

To understand the possible arrangements of electrons In an atom, a new 
principle was needed. It was introduced by Wolfgang Pauli (1900-1958;EHig28-2)  ____________ 
and 1s called the Pauli exclusion principle. It states: TABLE 28-2 Ground-State 

No two electrons in an atom can occupy the same quantum sfafe. besia¿kaesiblgddjle,gi, 
Thus, no two electrons 1n an atom can have exactly the same set of the quantum Helium, Z = 2 
numbers ứ, f„ 7m,, and zm,. The Pauli exclusion principle forms the basis not only n l mụ mẹ 
for understanding atoms, but also for understanding molecules and bonding, and 
other phenomena as well. (See also note at end of this Section.) 

Let us now look at the structure of some of the simpler atoms when they are 
in the ground state. After hydrogen, the next simplest atom is helum with WO  Lithium, Z = 3 
electrons. Both electrons can have ø = 1, because one can have spin up (my = +?) ` 
and the other spin down (ø, = —3), thus satisfying the exclusion principle. 
Since ø = 1, then £ and zm; must be zero (Table 28—1, page 813). Thus the two 
electrons have the quantum numbers Indicated at the top of Table 28-2. 

Lithium has three electrons, two of which can have ø = 1. But the third 
cannot have ø = 1 without violating the exclusion principle. Hence the third 
electron must have ø = 2. It happens that the ø = 2, =0 levelhasalower $odiu 
energy than ø = 2, # = 1. So the electrons In the ground sfate have the quantum 
numbers Indicated in Table 28-2. The quantum numbers of the third electron 
could also be, say, (n, tjmụ, m,) = (3, =7, g). But the atom 1n this case would 
be In an excited state, because 1t would have gøreater energy. It would not be long 
before 1t jumped to the ground state with the emission of a photon. At room 
temperature, unless extra energy 1s supplied (as in a discharge tube), the vast 
maJor1ty Of atoms are 1n the ground state. 

We can continue 1n this way to describe the quantum numbers of each elec- 
tron 1n the ground state of larger and larger atoms. The quantum numbers for 
sodium, with 1ts eleven electrons, are shown In Table 28-2. 
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EXERCISE E Construct a Table of the ground-state quantum numbers for beryllium, 
Z = 4 (like those In Table 28-2). 
Figure 28—10 shows a simple energy level diaøram where occupIed sfates are 
shown as up or down arrows (my = +z or —3), and possible empty states are 
shown as a small circle. 
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n=3,f=0 -†e———— FIGURE 28-10 Enersy level 


se yei =.` điagrams (not to scale) showing 
Occupied states (arrows) and 


Ied states (o ) for the ground 
=2,0=0 -——— =2,0=0 vo — unoccupIe 
. ú states of He, LI, and Na. Note that 
#=ik?=ú H w=l,f=ò H #„=Íl,#=b H we have shown the m = 2,  = 1 


level of Lï even thouph 1t is empty. 
Helium (He, Z= 2) Lithium (L1, Z= 3) Sodium (Na, Z= 11) 
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TABLE 28-3 Value of £ 


Maximum 
Number of 
Value Letter Electrons in 
of£ Symbol Subshell 
0 $ 2 
J Pp 6 
2 d 10 
3 T 14 
4 8 18 
5 h 22 
TABLE 28-4 


Electron Configuration 
of Some Elements 


The ground-state configuration for all atoms 1s øiven 1n the Periodic Table, which 
1s đisplayed Inside the back cover of this book, and discussed In the next Section. 

[The exclusion principle applies to identical particles whose spin quantum num- 
ber is a half-integer (¿, š, and so on), ineluding electrons, protons, and neutrons; 
such particles are called fermions, after Enrico Fermi who derived a statistical 
theory describing them. A basic assumption 1s that all electrons are identfical, indis- 
tinguishable one from another. Similarly, all protons are identical, all neutrons are 
1dentical, and so on. The exclusion principle does not apply to particles with Integer 
spm (0, 1, 2, and so on), such as the photon and z meson, all of which are referred 
to as bosons (after Satyendranath Bose, who derived a statistical theory for them).] 


28-8 The Periodic Table of Elements 


More than a century ago, Dmitri Mendeleev (1834-1907) arranged the (then) 
known elements Iinto what we now call the Periodic Table of the elements. The 
atoms were arranged according to increasing mass, but also so that elements with 
similar chemical properties would fall in the same column. Today”s version 1s shown 
1nside the back cover of this book. Each square contains the atomic number Z, 
the symbol for the element, and the atomic mass (in atomic mass units). Finally, 
the lower left corner shows the configuration of the ground state of the atom. Thĩs 
requires some explanation. Electrons with the same value of z are referred to as 
being in the same shell. Electrons with 7 = 1 are in one shell (the K shell), those 
with ø= 2 are in a second shell (the L shell), those with ø„ = 3 are ¡n the 
third (M) shell, and so on. Electrons with the same values of z and # are referred 
to as being In the same subshell. Letters are often used to specify the value of É 
as shown In Table 28-3. That is, # = 0 is the s subshell; £ = 1 ¡s the p subshell; 


Ground 
Stafte 
Z Configuration 
(Number of (outer 
Electrons) Elemenf” elecfrons) 
1 H 1ø! 
2 He 192 
3 L1 251 
4 Be 2s? 
5 B 2522p! 
6 C 25”2p” 
lí N 2522p” 
8 O 25”2p! 
9 F 2522p” 
10 Ne 2s22p°9 
11 Na 31 
l2 Mg 3g? 
13 AI 3523p! 
14 Sĩ 3523p” 
15 P 3523p” 
16 S 3523p! 
l7 CI 3s23pŠ 
18 Ar 3s23p6 
19 K 3d494s! 
20 Ca 3494s7 
21 Sc 3d14s? 
22 T¡ 34?4s7 
23 V 3đ494s7 
24 Cr 3đ54s! 
25 Mn 34Š4s? 
26 Fe 3454s? 


TNames of elements can be found in 


Appendix B. 


£ =2 1s the đ subshell; bepinning with £ = 3, the letters follow the alphabet, 
ƒ,øg, h, ¡, and so on. (The first letters s, p, đ, and ƒ were oripinally abbreviations 
Of “sharp,” “principal,” “diffuse,” and “fundamental,” terms referring to the experi- 
mental spectra.) 

The Pauli exclusion principle limits the number of electrons possible in each 
shell and subshell. For any value of £, there are 2É + 1 possible zm; values (; can 
be any Integer from Ì to £, from —Í to —É, or zero), and two possible zm, values. 
There can be, therefore, at most 2(2# + 1) electrons in any £ subshell. For 
example, for É = 2, five m; values are possible (2, 1,0, —1, =2), and for each 
of these, z„ can be +3 or — š for a total of 2(5) = 10 states. Table 2§~3 lists the 
maxinum number of electrons that can occupy each subshell. 

Because the energy levels depend almost entirely on the values of 0 and É, 1t 
1S customary to specIfy the electron configuration simply by giving the z value and 
the appropriate letter for ƒ, with the number of electrons in each subshell piven as 
a superscript. The pround-state configuration of sodium, for example, 1s wrItfen as 
1572522 p3s!. This is simplified in the Periodic Table by specifying the configuration 
only of the outermost electrons and any other nonfilled subshells (see Table 2§—4 
here, and the Periodic Table inside the back cover). 


CONCEPTUAL EXAMIPLE 28-6 | Electron configurations. Which of the 


following electron configurations are possible, and which are not: (2) 1s”2s”2p3s°; 
(b) 1522522 p93s”3p”4s”; (c) 1s”2572p2d'? 


RESPONSE (a) This is not allowed, because too many electrons (three) are 
shown in the s subshell of theM (øw = 3) shell. The s subshell has z; = 0, with 
two slots only, for “spin up” and “spin down” electrons. 

(b) This 1s allowed, but 1t is an excited state. One of the electrons from the 
3p subshell has Jumped up to the 4s subshell. Since there are 19 electrons, the 
element 1s pofassium. 

(c) This 1s not allowed, because there ¡is no đ (£ = 2) subshellin the m = 2 shell 
(Table 28-1). The outermost electron will have to be (at least) in the m = 3 
shell. 
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EXERCISE F Write the complete ground-state confipuration for gallium, with its 31 
electrons. 


The grouping of atoms 1n the Periodic Table 1s according to Increasing atomic 
number, Z⁄. lí was designed to also show regularity according to chemical prop- 
erties. Although this 1s treated in chemistry textbooks, we discuss 1t here briefly 
because If is a result of quantum mechanics. See the Periodic Table Inside the 
back cover. 

AII the noble gases (In column VIII of the Periodic Table) have completely 
fñilled shells or subshells. That 1s, their outermost subshell 1s completely full, and 
the electron distribution 1s spherically symmetric. With such full spherical sym- 
metry, other electrons are not attracted nor are electrons readily lost (Ionization 
enerøy is hiph). This is why the noble øases are chemically inert (more on this 
when we discuss molecules and bonding in Chapter 29). Column VII contains the 
halogens, which lack one electron from a filled shell. Because of the shapes of 
the orbits (see Section 29-1), an additional electron can be accepted from 
another atom, and hence these elements are quite reactive. They have a valence 
of —1, meaning that when an extra elecfron 1s acquired, the resulting 1on has a 
net charge of —1e. Column [I of the Periodic Table contains the alkali metals, all 
of which have a single outer s electron. This electron spends most OŸ 1s time 
outside the Iinner closed shells and subshells which shield it from most oŸ the 
nuclear charge. Indeed, 1t 1s relatively far from the nucleus and 1s aftracted to 1t 
by a net charge of only about +1, because of the shielding effect of the other 
electrons. Hence this outer electron 1s easily removed and can spend much of is 
time around another atom, forming a molecule. This 1s why the alkali metals are 
very chemically reactive and have a valence of +1. The other columns of the 
Periodic Table can be treated similarly. 

The presence of the ftransifion elemenfs in the center of the Periodic Table, as 
well as the lanthanides (rare earths) and actinides below, is a result oŸincomplete 
inner shells. For the lowest Z2 elements, the subshells are filled in a simple order: 
first 1s, then 2s, followed by 2p, 3s,and 3p. You might expect that 3đ (n = 3,  = 2) Ẳ® CAUTION 
would be filled next, but 1t 1sn”t. Instead, the 4s level actually has a slightly lower Subshells are not aÏlt0ays 
energy than the 3đ (due to electrons interacting with each other), so ¡t fills first illed in “order” 
(K and Ca). Only then does the 3đ shell start to fill up, beginning with Šc, as can 
be seen in Table 28-4. (The 4s and 3đ levels are close, so some elements have 
only one 4s electron, such as Cr.) Most of the chemical properties of these transi- 
tion elements are governed by the relatively loosely held 4s electrons, and hence 
they usually have valences oŸ +1 or +2. A similar effect 1s responsible for the 
lanthanides and actinides, which are shown at the bottom of the Periodic Table 
for convenlence. All have very similar chemical properties, which are determined 
by therr two outer 6s or 7s electrons, whereas the different numbers of electrons 
1n the unfilled inner shells have little effect. 


“28-9 X-Ray Spectra and 
Atomic Number 


The line spectra of atoms 1n the visible, UV, and IR reglons ofthe EM spectrum 
are mainly due fo transitions between states of the outer electrons. Much of the 
postfive charge of the nucleus 1s shielded from these electrons by the negative 
charge on the inner electrons. But the innermost electrons In the ø = 1 shell “see” 
the full charge of the nucleus. Since the energy of a level is proportional to Z7 
(see Eq. 27-15), for an atom with Z = 50, we would expect wavelengths about 
50 = 2500 times shorter than those found in the Lyman series of hydrogen 
(around 100 nm), or (100 nm)/(2500) 10” to 10nm. Such short wavelengths 
lie in the X-ray region of the spectrum. 


*SECTION28-9_ X-Ray Spectra and AtomicNumber 817 


Kg 


X-ray Intensity 


À6 0.1 0.2 
'Wavelength, À (nm) 
FIGURE 28-11 Spectrum of X-rays 


emitted from a molybdenum target 
1n an X-ray tube operated at 50 kV. 


FIGURE 28-12 Plot of `⁄/1/À vs. Z 
for K„ X-ray lines. 


>ị|-= 


X-rays are produced when electrons accelerated by a high voltage strike the 
metal target inside an X-ray tube (Section 25—11). If we look at the spectrum of 
wavelengths emitted by an X-ray tube, we see that the spectrum consIsts Of †WO 
p4TfS: a continuous spectrum with a cutoff at some À¿ which depends only on the 
voltage across the tube, and a serIes oŸ peaks superimposed. A typIcal example 1s 
shown In Fig.28—11. The smooth curve and the cutoff wavelength À¿ move to the 
left as the voltaøe across the tube increases. The sharp lines or peaks (labeled K„ 
and Kzin Eig.28—11), however, remain at the same wavelength when the voltage 
1s changed, althouph they are located at different wavelengths when different tar- 
get materials are used. This observation suggests that the peaks are characteristic of 
the target material used. Indeed, we can explain the peaks by Iimagining that the 
electrons accelerated by the high voltage of the tube can reach sufficienft energ1es 
that, when they collide with the atoms of the target, they can knock out one of 
the very tightly held inner electrons. Then we explain these characfteristic X-rays 
(the peaks in Eig. 28-11) as photons emitted when an electron in an upper state 
drops down to fill the vacated lower state. The K lines result from transitIons 7o 
the K shell (z = 1). The K„ line consists of photons emitted in a transition that 
Originates from the ø = 2 (L) shell and drops to the ø = 1 (K) shell. On the other 
hand, the Kz line reflects a transition from the ø = 3 (M) shell down to the K shell. 
An L line ¡1s due to a transition 1nto the L shell, and so on. 

Measurement of the characteristic X-ray spectra has allowed a determina- 
tion of the Inner energy levels of atoms. It has also allowed the determination of 
Z values for many atoms, because (as we have seen) the wavelength of the shortest 
characteristic X-rays emitted will be inversely proportional to ZZ”. Actually, 
for an electron jumping from, say, the ø = 2 to the ø = 1 level (K„ line), the 
wavelength is inversely proportional to (Z — 1) because the nucleus is shielded 
by the one electron that still remains In the 1s level. In 1914, H. G. J. Moseley 
(1887-1915) found that a plot of 1⁄1/À vs. Z produced a straight line, Fig.28—12, 
where À 1s the wavelength of the K„ line. The Z values of a number of elements 
were determined by fitting them to such a Moseley plot. The work of Moseley put 
the concept of atomic number on a firm experimental basis. 


EXAMPLE 28-7 | X-ray wavelength. Estimate the wavelength for an  = 2 
to  = 1 transition in molybdenum (Z = 42). What is the energy of such a 
photon? 


APPROACH We use the Bohr formula, Eq. 27-16 for 1/À, with Z2 replaced by 
(Z- 1} = (41). 
SOLUTION Equation 27—16 gIves 


1 2 24 2 
— TT“e°mk (z 
À hc 


where ø# = 2, ø' = 1, and k = 8.99 x 107N-m/c?. We substitute in values: 


1 1 1 
— = (1097 x 10 m941/(1 — 3) = 1.38 x 10!9m 1, 
À 1 4 
So 
1 


— 1438 x 109m! 


= 0.072 nm. 


This is close to the measured value (Eig. 28-11) of 0.071nm. Each of these 
photons would have energy (in eV) of: 
he (6.63 x 10*“J-s)(3.00 x 10°®m/s) 


È = hƒ = = = 17keV. 
/ À (7.2 x 10''m)(1.60 x 10ˆ11/eV) : 


The denominator Iincludes the conversion factor from ]oules to eV. 
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EXAMPLE 28-8 | Determining atomic number. High-energy electrons are 
used to bombard an unknown material. The strongest peak 1s found for X-rays 
emitted with an energy of 66.3 keV. Guess what the material 1s. 


APPROACH The hiphest Imntensity X-rays are generally for the K„ line (see 
Fig. 25-11) which occurs when hiph-energy electrons knock out K shell elec- 
trons (the innermost orbit, ø = 1) and their place is taken by electrons from 
the L shell (n = 2). We use the Bohr model, and assume the electrons of the 
unknown atoms (Z) “see” a nuclear charge of Z — 1 (screened by one electron). 


SOLUTION The hydrogen transtlon =2 to ø0 =1  would yield 
Eụ = 13.6eV — 3.4eV = 10.2eV (see Fig. 27-29 or Example 27-13). Energy 
of our unknown #z is proportional to Z2 (Eq. 27-15), or rather (Z - 1)? 
because the nucleus is shielded by the one electron In a 1s state (see above), so 
We Can use Taf1IOS: 

E;¿ _ (Z1 _ 663 x10eV 


= = = 6.50 x 10 
En 12 10.2eV : 


so Z— [= V6500 = 61, and Z = 82, which makes it lead. 


Now we brlefly analyze the continuous part of an X-ray specfrum 
(Fig. 28-11) based on the photon theory of light. When electrons strike the 
target, they collide with atoms of the material and g1ve up most of the1r energy as 
heat (about 99%, so X-ray tubes must be cooled). Electrons can also give up 
energy by emitting a photon of light: an electron decelerated by Interaction with 
atoms of the target (Fip. 28-13) emits radiation because of its deceleration 
(Chapter 22), and ïn this case 1t 1s called bremsstrahlung (German for “braking 
radiation”). Because enerey is conserved, the energy of the emitted photon, Jƒ, 
equals the loss of kinetic energy of the electron, AKE = KE — KE”, SO 


hƒ = AKE. 


An electron may lose all or a part OŸ1ts energy 1n such a collision. The confinuous 
X-ray spectrum (Fig. 28-11) is explained as being due to such bremsstrahlung 
collisions in which varying amounts of energy are lost by the electrons. The 
shortest-wavelenpth X-ray (the hiphest frequency) must be due to an electron 
that gives up aÏÏ 1ts kinetic energy to produce one photon 1n a single collision. 
Since the Initial kinetic energy of an electron 1s equal to the energy g1ven 1t by the 
accelerating voltage, V, then KE = eV. In a single collision in which the electron 
1S brought to rest (KE” = 0), then AKE = eV and 


hí = eV., 
We set ƒọg = c/Ào where Ào is the cutoff wavelength (Fig. 28—11) and find 
he 
Ào = —: 28-4 
ST (28-4) 


Thịs prediction for Àạ corresponds precisely with that observed experimentally. 
Thịs result 1s further evidence that X-rays are a form of electromagnetIc radiation 
(Iight) and that the photon theory of lipht is valid. 


EXAMPLE 28-9 | Cutoff wavelength. What ¡is the shortest-wavelength 
X-ray photon emitted In an X-ray tube subjected to 50 kV? 


APPROACH The electrons striking the target wiIll have a KE of 50 keV. The 
shortest-wavelength photons are due to collisions in which all of the electron”s 
KE 1s ø1ven to the photon so KE = eVW = hịh. 
SOLUTION From Eq. 28-4, 

he — (663 x 10J-s)(3.0 x 10°m/S) 


eV (16x 10'9C)(5.0 x 10*V) 


Ào = = 2.5 x 10m, 


or 0.025 nm. 
NOTE This result agrees well with experiment, Eig. 2§—11. 


Photon 


hƒ = KE— KE' 


FIGURE 28-13 Bremsstrahlung 
photon produced by an electron 
decelerated by interaction with a 
target atom. 
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*28—]0 Fluorescence and Phosphorescence 
One Two 


bhốlof giioEonl 'When an atom 1s excited from one energy state to a hipher one by the absorption 
absorbed emitted of a photon, it may return to the lower level in a series oŸ two (or more) 
transitions If there is at least one energy level in between (Eig. 28-14). The 
photons emitted will consequently have lower energy and frequency than the 
absorbed photon. When the absorbed photon 1s in the UV and the emitted photons 


FIGURE 28-14 Fluorescence. are 1n the visible region of the spectrum, this phenomenon 1s called fuorescence 
(Fig. 28—15). 
@® PHYSICS APPLIED The wavelength for which fluorescence will occur depends on the energy levels 


Eluorescence analysis and OŸ the particular atoms. Because the frequencies are different for different sub- 
Jiuorescen lighibulDš _ stances, and because many substances fluoresce readily, fluorescence is a powerful 
FIGURE 28-15 When UV light tool for Identification of compounds. lt 1s alsO used for assaying——determining 
 tạngẽ QE%aveleneths) TlluunindfS how much of a substance 1s present—and for following substances along a natural 
these various “fluorescent” rocks, metabolic path+0ay 1n blolog1cal organisms. For detection of a g1ven compound, the 
they fluoresce in the visible region stimulating light must be monochromatic, and solvenfs or other materials presenf 
of the spectrum. must not fuoresce 1n the same reglon of the spectrum. Sometimes the observafion 
of fluorescent light being emifted 1s sufficient to detect a compound. In other 
cases, spectromefters are used to measure the wavelengths and mntensities of the 
emritted lipht. 

Eluorescent lightbulbs work 1n a two-step process. The applied voltage accel- 
erates electrons that strike atoms of the gas In the tube and cause them to be 
excited. When the excited atoms Jump down to therr normal levels, they emit UV 
photons which strike a fluorescent coating on the 1inside of the tube. The light we 
See 1s a result of this material fluorescing 1n response to the UV light striking 1t. 

Materials such as those used for luminous watch dials, and other glow-in- 
the-dark products, are said to be phosphorescent. When an atom 1s raised fo a 
normal excited state, it drops back down within about 10s. In phosphorescent 
substances, atoms can be excited by photon absorption to energy levels called 
mefastable, which are states that last much longer because to Jump down 1s a 
“forbidden” transition (Section 28-6). Metastable states can last even a few 
seconds or longer. In a collection of such atoms, many of the atoms wIll descend 
to the lower state fairly soon, but many wIill remain In the excited state for over 
an hour. Hence light will be emitted even after long periods. When you put a 
luminous watch dial close to a bright lamp, many atoms are excited to metastable 
States, and you can see the glow for a long time afterward. 


28~-ll Lasers 


A laser 1s a device that can produce a very narrow Intense beam of monochromatic 
FIGURE 28-16 (a) Absorption of a coherent light. (By coherenf, we mean that across any cross section of the beam, all 


photon. (b) Stimulated emission. parts have the same phase.”) The emitted beam is a nearly perfect plane wave. 
Eụ and Ƒ¿ refer to “upper” and An ordinary light source, on the other hand, emits lipht in all directions (so the 
“lower” energy states. Iintensity decreases rapidly with distance), and the emitted light is incoherent (the 
E different parts of the beam are not in phase with each other). The excited atoms that 
hƒ ` emit the light in an ordinary lightbulb act independently, so each photon emitted 
— can be considered as a short wave train lasting about 10 s. Different wave trains 

bear no phase relation to one another. Just the opposife 1s true oŸ lasers. 
tì The action of a laser 1s based on quantum theory. We have seen that a photon 


can be absorbed by an atom 1f (and only 1ƒ) the photon energy ƒ corresponds to 
the energy difference between an occupied energy level of the atom and an avail- 
able excited state, Fig. 28—16a. If the atom 1s already 1n the excited stafe, 1t may 


Eụ jump down spontaneously (i.e., no stimulus) to the lower state with the emission 

HA h2 2. of a photon. However, 1Ÿ a photon with this same energy strikes the excited 

vn atom, 1t can stimulate the atom to make the transition sooner to the lower state, 

` Eụ Eig. 25—16b. This phenomenon 1s called stimulated emission: not only do we still 
( hƒ = E,— E 
u ( 


have the origInal photon, but also a second one of the same frequency as a result 
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Of the atom's transition. These two photons are exactly / phase, and they are 
moving 1n the same direction. This 1s how coherent light 1s produced 1n a laser. 
The name “laser” 1s an acronym for Light Amplification by Stimulated Emission 
of Radiation. 

Normally, most atoms are In the lower state, so the maJor1ty of1ncident pho- 
tons wIll be absorbed. To obtain the coherent light from stimulated em1ssion, two 
conditions must be satisiied. First, the atoms must be excifed to the higher state so 
that an inverfted populafion 1s produced in which more atoms are in the upper 
state than In the lower one (Fig. 28—17). Then eission oŸ photons will dominate 
over absorption. And second, the higher state must be a metastable safe——a state 
in which the electrons remain longer than usual” so that the transition to the lower 
state occurs by stimulated emission rather than spontaneouslÌy. 

Figure 28—18 1s a schematic diagram of a laser: the “lasing” material 1s placed 
1n a long narrow tube at the ends of which are two mirrors, one of which 1s partially 
transparent (transmitting perhaps 1 or 22%). Some of the excited atoms drop 
down fairly soon after being excited. One of these 1s the blue atom shown on the far 
left m Fig. 2S—18. If the emitted photon strikes another atom 1n the excited state, 
1 simulates this atom to emit a photon of the se frequency, moving 1n the se 
direction, and in phase with 1t. These two photons then move on to strike other 
atoms causing more stimulated emission. As the process confinues, the number of 
photons multiplies. When the photons strike the end mirrors, most are reflected 
back, and as they move mm the opposite direction, they confinue to stimulate more 
atoms to emit photons. As the photons move back and forth between the mIrTOTS, 
a small percentage passes through the partially transparent mirror at one end. 
These photons make up the narrow coherent external laser beam. (Inside the 
tube, some spontaneously emitted photons wIll be emitted at an angle to the axIs, 
and these wIll merely go out the side of the tube and not affect the narrow width 
of the main beam.) 


Partially 
transparent 
mMITTOT 


Mirror 


In a well-designed laser, the spreading of the beam 1s limited only by diffrac- 
tion, so the angular spread is = À/D (see Eq. 24-3 or 25-7) where 7 is the diameter 
of the end mirror. The diffraction spreading can be 1ncredibly small. The light 
enerøy, Instead of spreading out in space as 1t does for an ordinary light source, can 
be a pencil-thin beam. 


Creating an Inverted Population 


The excitation of the atoms mm a laser can be done In several ways to produce the 
necessary Inverted population. In a ruby laser, the lasing material 1s a ruby rod 
consisting of AI;Os with a small percentage of aluminum (AI) atoms replaced by 
chromium (CT) atoms. The Cr atoms are the ones Involved in lasing. In a process 
called optfical pumping, the atoms are excited by strong flashes of light of wave- 
length 550nm, which corresponds to a photon energy of 2.2eV. As shown In 
Fig. 28—19, the atoms are excifted from state ọ to state F;. The atoms quickly 
decay either back to Eo or to the Intermediate state #¡, which 1s metastable with a 
lifetime of about 3 x 10s (compared to 103s for ordinary levels). With strong 
pumping action, more atoms can be found 1n the #¡ state than are 1n the #o state. 
Thus we have the mmverted population needed for lasing. As soon as a few atoms 
1n the #¡ state jump down to Fọ, they emit photons that produce stimulated 
emission of the other atoms, and the lasing action begins. A ruby laser thus emifs a 
beam whose photons have energy 1.8eV and a wavelength of 694.3nm (or 
“ruby-red” light). 

An excited atom may land in such a state and can Jump to a lower state only by a so-called forbidden 
transition (Section 28—6), which ¡is why its lifetime is longer than normal. 


_Ò® ® ® ® © ©® ẰẲ 
“==-...... 
Normal Inverted 
population population 
(a) (b) 


FIGURE 28-17 Two enersy levels 
for a collection of atoms. Each dot 
represents the energy state oŸ one 
atom. (a) A normail situation; (b) an 
1nverted population. 


$*CAUTION 
Laser: photons haue 
same [requency and direction, 
and are in phase 


FIGURE 28-18 Laser diagram, showing 
excited atoms stimulated to emit lipht. 


FIGURE 28-19 Enersy levels of 
chromium 1n a ruby crystal. Photons 
of energy 2.2 eV “pump” atoms from 
Eạ to E;, which then decay to 
metastable state #¡. Lasing acton 
Occurs by stimulated emission of 
photons In transition from #1 to Eọ. 


E; 
0.4eV 
E;¡ (metastable) 


SECTION 28-11 Lasers 821 


Collision 
 SEYNNẶh. 


Heli 
elium Eị 


20.61 eV 20.66 eV 


Fọ 


FIGURE 28-20 Enersy levels for 
He and Ne. He 1s excited in the 
electric discharge to the E) state. 
This energy 1s transferred to the #3 
level of the Ne by collision. #5 1s 
metastable and decays to #5 by 
simulated emission. 
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DVD and CD players, 
bar codes 


FIGURE 28-21 (a) Reading a CD 
(or DVD). The fine beam of a laser, 
focused even more finely with lenses, 
1s đirected at the undersurface of a 
rofating compact disc. The beam Is 
reflected back from the areas between 
pIfs but reflects much less from pIts. 
The reflected light is detected as 
shown, reflected by a half-reflecting 
mirror MS. The strong and weak 
reflections correspond to the 0s and 
1s of the binary code representing the 
audio or video signal. (b) A laser 
follows the CD track which starts near 
the center and spirals outward. 


822 CHAPTER 28 


In a helium-neon laser (He—Ne), the lasing material 1s a gas, a mixture of 
about 85% He and 15% Ne. The atoms are excited by applying a high voltage to 
the tube so that an electric discharge takes place with the gas. In the process, 
some of the He atoms are raised to the metastable state #¡ shown in Fig. 28-20, 
which corresponds to a jump of20.61 eV, almost exactly equal to an excited state 
in neon, 20.66 eV. The He atoms do not quickly return to the ground state by 
Spontaneous emission, but instead often give theIr excess energy to a Ne atom 
when they collide—see Eig. 28-20. In such a collision, the He drops to the ground 
state and the Ne atom ¡s excited to the state #š (the prime refers to neon states). 
The slight difference in energy (0.05 eV) 1s supplied by the kinetic energy of the 
moving atoms. In this mamner, the #2; state in Ne——which 1s metastable——becomes 
more populated than the #2 level. This inverted population between #2 and #2 
1s what 1s needed for lasing. 

Very common now are semiconductfor diode lasers, also called pn juncfion 
lasers, which utilize an inverted population of electrons between the conduction 
band and the lower-energy valence band (Section 29-9). When an electron jumps 
down, a photon can be emitted, which 1n turn can stimulate another electron to 
make the transition and emit another photon, in phase. The needed mirrors (as in 
Fig.28—18) are made by the polished ends of the øw crystal. Semiconductor lasers 
are used in CD and DVD players (see below), and in many other applications. 

Other types of laser include: chernical lasers, in which the energy 1input comes 
from the chemical reaction of highly reactive gases; đye Ïasers, whose frequency 
1s tunable; CO; gas /asers, capable of hiph power output in the mfrared; and 
rare-earth solid-state lasers such as the high-power Nd:YAG laser. 

The excitation of the atoms 1n a laser can be done conftinuously or 1n pulses. 
In a pulsed laser, the atoms are excited by periodic inputs oŸ energy. In a 
confinuous laser, the energy Input 1s conftinuous: as atoms are stiImulated to Jump 
down to the lower level, they are soon excited back up to the upper level so the 
Oufput 1s a confinuous laser beam. 

No laser 1s a source of energy. Energy must be put in, and the laser converts 
a part O 1t Into an intense narrow beam oufput. 


* Applications 

The unique feature of light from a laser, that 1t 1s a coherent narrow beam, has 
found many applications. In everyday life, lasers are used as bar-code readers (at 
store checkout stands) and in compact disc (CD) and digital video disc (DVD) 
players. The laser beam reflects off the stripes and spaces of a bar code, or off the 
tiny pifs ofa CD or DVD as shown In Eig. 28—21a. The recorded Information on a 
CD or DVD 1s a serles of pIts and spaces representing 0s and 1s (or “off” and “on” 

of a binary code (Section 17—10) that is decoded electronically before being sent 
to the audio or video system. The laser of a CD player starts reading at the inside 
of the disc which rotates at about 500 rpm at the start. As the disc rotates, the 
laser follows the spiral track (Fig. 28-21b), and as it moves outward the disc must 
slow down because each successive circumference (C = 2zrr) 1s slightly longer 
as r1ncreases; at the oufer edge, the disc 1s rotating about 200 rpm. A 1-hour CD 
has a track roughly 5 km long; the track width is about 1600 nm (= 1.6 m) and 
the distance between pifs is about 800 nm. DVDs contain much more Information. 


7c Œ -= 

=c=c- ==. =hPit 

Underside 

of CD 

Lens 
Half-silvered 
mITrOT 
MS 
Mirror 
Detector 
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Standard DVDs use a thinner track (0.7m) and shorter pit length (400 nm). 
Blu-ray discs use a “blue” laser with a short wavelenpth (405 nm) and narrower 
beam, allowing a narrower track (0.3 m) that can store much more data for 
hiph definmition. DVDSs can also have two layers, one below the other. When 
the laser focuses on the second layer, the light passes through the semitransparent 
surface layer. The second layer may start reading at the outer edge Instead of 
inside. DVDs can also have a single or double layer on bø¿h surfaces of the disc. 

Lasers are a useful surgical tool. The narrow Iintense beam can be used to PHYSICS APPLIED 
destroy fissue 1n a localized area, or to break up gallstones and kidney stones. Medical and other uses oƒ lasers 
Because of the heat produced, a laser beam can be used to “weld” broken tissue, 
such as a detached retina, Fig. 28-22, or to mold the cornea of the eye (by vapor1zIng 
tĩiny bits of material) to correct myopia and other eye defects (LASIK surgery). The 
laser beam can be carried by an optical fiber (Section 23—6) to the surgical point, 
sometimes as an additional fiber-optic path on an endoscope (again Section 23—6). 
An example 1s the removal of plaque clogøing human arteries. Lasers have been used 
to destroy tiny organelles within a living cell by researchers studying how the 
absence of that organelle affects the behavior of the cell. Laser beams are used 
to destroy cancerous and precancerous cells; and the heat seals off capillaries 
and lymph vessels, thus “caufer1zing” the wound to prevent spread of the disease. 

The intense heat produced In a small area by a laser beam 1s used for welding and 
machiming metals and for driling tiny holes in hard materials. Because a laser beam 1s 
coherent, monochromatic, narrow, and essentially parallel, lenses can be used to focus 
the light Into even smaller areas. The precise straightness of a laser beam 1s also useful 
to surveyors for lining up equipment accuratfely, especially 1n inaccessible places. 


: 28-l2 Hologaphy FIGURE 28-22 Laser bcing uscd in 


©y€ SUTĐ€TY. 
One of the most Interesting applications of laser lipht is the production of three- 

dimensional images called holograms (see Fig. 28-23). In an ordinary photograph, CD PHYSICS APPLIED 
the film simply records the Intensity of light reaching 1t at each point. When the Holography 

photograph or transparency 1s viewed, light reflecting from 1t or passing through 
1t ø1Ves us a two-dimensional picture. In holography, the Iimages are formed by 
1nterference, without lenses. A laser hologram 1s typically made on a photographic 
emulsion (film). A broadened laser beam 1s split into two parts by a half-silvered 
mirror, Fig.28—24. One part goes directly to the film; the rest passes to the obJect 
to be photographed, from which 1t 1s reflected to the film. Light from every poInt 
on the obJect reaches each point on the film, and the Interference of the two 
beams allows the film to record both the Intensity and relative phase of the light 
at each poInt. It 1s crucial that the 1ncident light be coherent——that 1s, in phase at 
all points—which 1s why a laser 1s used. After the film 1s developed, 1t 1s placed 
again In a laser beam and a three-dimensional image of the object 1s created. You 
can walk around such an Image and see 1t from different sides as 1f 1t were the 
original obJect. Yet, 1Ÿ you try to touch 1t with your hand, there wIll be nothing 
material there. 


Half-silvered Direct Eilm 
TITTOFT beam 


Laser 
light 


Reflected 
rayS 


FIGURE 28-24 Making a hologram. Light 
reflected from varIous poinfs on the object 
Interferes (at the film) with light from the 
direct beam. 


FIGURE 28-23 An athlete (race-car 
driver) puts his hand on, or throuph, 
a holographic image of himself. 


Volume or white-ligh( holograms do not requfre a laser to see the Image, but 
can be viewed with ordinary white lipht (preferably a nearly point source, such as 
the Sun or a clear bulb with a small bright flament). Such holograms must be 
made, however, with a laser. They are made not on thin film, but on a /h¡ck emul- 
sion. The Interference pattern ím the film emulsion can be thought of as an array 
of bands or ribbons where constructive Interference occurred. Thĩs array, and the 
Teconsfruction of the Image, can be compared to Bragg scattering of X-rays from 
the atoms In a crysfal (see Section 25—11). White light can reconstruct the image 
because the Bragg condition (7À = 2đ sin0) selects out the appropriate single 
wavelength. If the hologram 1s originally produced by lasers emitting the three 
additive primary colors (red, green, and blue), the three-dimensional image can 
be seen 1n full color when viewed with white light. 


 Summary 


In 1925, Schrödinger and Heisenberg separately worked out a 
new theory, quanfum mechanics, which 1s now considered to 
be the fundamental theory at the atomic level. It is a statistical 
theory rather than a deterministic one. 

An important aspect of quantum mechanics 1s the Heisen- 
berg uncerfainíy principle. It results from the wave-particle 
duality and the unavoidable Interaction between an observed 
object and the observer. 

One form of the uncertainty principle states that the 
position x and momentum øy of an object cannot both be 
measured precisely at the same time. The products of the 
uncertainties, (Ax)(Apy), can be no less than # (= 1/2): 


(Apx)(Ax) = ñ. (28-1) 


Another form of the uncertainty principle states that the 
energy can be uncertain (or nonconserved) by an amount AƑ 
for a time A/, where 


(AE)(At) > ñ. (28-2) 


According to quantum mechanics, the state of an electron In 
an atom is specified by four quantum numbers: ø, Ê, z;, and 7s: 


(1) ø, the principal quantum number, can take on any integer 
value (1, 2, 3, --:) and corresponds to the quantum number 
of the old Bohr model; 

(2) £, the orbital quantum number, can take on values from 0 
up to — T1; 

(3) r¿, the magnetic quantum number, can take on integer 
values from —£to +; 

(4) m,, the spin quantum number, can be +3 or —3. 


The energy levels in the hydrogen atom depend on 7ø, 
whereas in other atoms they depend on ø and £. 

The orbital angular momentum of an atom has magnitude 
L= Vt(t+ 1) ñ and zcomponent Ù; = my. 

When an external magnetic field is applied, the spectral 
lines are split (the Zeeman effecf), indicating that the energy 
depends also on 7; 1n this case. 
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Even In the absence of a magnetic field, precise measure- 
ments of spectral lines show a tiny splitting of the lines called 
fne sírucfure, whose explanation is that the energy depends 
very sliphtly on ; and ?ứ;. 

Transiions between sfates that obey the selecfion rule 
Af= +1 are far more probable than other so-called 
forbidden transitions. 

The arrangement of electrons in multi-electron atoms Is 
governed by the Pauli exclusion principle, which states that no 
two electrons can occupy the same quantum state——that 1s, they 
cannot have the same set of quantum numbers ứ, É, zm;, and 7;. 

As a result, electrons in multi-electron atoms are ørouped 
into shells (according to the value of z) and subshells (according 
to É). 

Electron configurations are specified using the numerical 
values of ø, and using letters for £: s, p, đ, ƒ etc., for 
£ = 0,1,2,3, and so on, plus a superscript for the number of 
electrons In that subshell. Thus, the ground state of hydrogen 
is 1s!, whereas that for oxygen is 1s72s22pŸ. 

In the Periodic Table, the elements are arranged in hor1zontal 
Tows according to Increasins afomie number (= number of elec- 
trons in the neutral atom). The shell structure gives rise to a 
periodicity in the properties of the elements, so that each vertical 
column can contain elements with similar chemical properties. 

X-rays, which are a form of electromagnetic radiation of 
very short wavelength, are produced when high-speed electrons 
strike a target. The spectrum of X-rays so produced consIsts of 
twO partfS, a confinuous spectrum produced when the electrons 
are decelerated by atoms of the target, and peaks representing 
photons emitted by atoms of the target after being excited by 
collision with the high-speed electrons. Measurement of these 
peaks allows determination of1nner energy levels of atoms and 
determination of atomic number Z. 

[ZEluoreseence occurs when absorbed UV photons are 
followed by emission of visible lipht, due to the special 
arransement of energy levels of atoms of the material. 
Phosphorescent materials have mefastable states (long-lived) 
that emit light seconds or minutes after absorption of light.] 

Lasers produce a narrow beam ofÐ monochromatic 
coherent light (light waves in phase). 

[fZHolograms are images with a 3-dimensional quality, 
formed by interference of laser light.] 


 Questions 


1. 


2. 


10. 


11. 


12. 


13. 


14. 


Compare a matter wave 1Ÿ to (z) a wave on a sfring, (b) an 
EM wave. Discuss similarities and differences. 

Explain why Bohr”s theory of the atom 1s not compatible 
with quantumn mechanics, particularly the uncertainty 
principle. 


‹ Explain why It is that the more massive an obJect 1s, the 


easler 1t becomes to predict 1s future position. 


- In view of the uncertainty principle, why does a baseball 


seem to have a well-defined positIion and speed, whereas an 
electron does not? 


. Would it ever be possible to balance a very sharp needle 


precIsely on 1s point? Explain. 


. A cold thermometer 1s placed In a hot bowl of soup. WIII 


the temperature reading of the thermometer be the same 
as the temperature of the hot soup before the measurement 
was made? Explain. 


„ Does the uncertainty principle set a limit to how well you 


can make any single measurement of position? Explain. 


.‹ T you knew the position of an object precisely, with no 


uncertainty, how well would you know I1ts momentum? 


. When you check the pressure In a tire, doesnt some aIr 


1nevitably escape? Is It possible to avoid this escape Of alr 
altogether? What is the relation to the uncertainty principle? 
]t has been said that the ground-state energy in the hydrogen 
atom can be precisely known but the excited states have 
some uncertainty in their values (an “energy width”). Is this 
consistent with the uncertainty principle In 1s energy form? 
Explain. 

Which model of the hydrogen atom, the Bohr model or 
the quantum-mechanical model, predicts that the electron 
spends more time near the nucleus? Explain. 

The s1ze of atoms varies by only a factor of three or so, 
from largest to smallest, yet the number of electrons varies 
from one to over 100. Explain. 

Excited hydrogen and excited helium atoms both radiate 
lipht as they jump down to the ø = 1, £ = 0, mm; = 0 state. 
'Why do the two elements have very different emission spectra? 
How would the Periodic Table look 1ƒ there were no electron 
spin but otherwise quantum mechanics were valid? Consider 
the fñirst 20 elemenfs or so. 


15. 


16. 


17. 
18. 


19. 


20. 


21. 


22. 


23. 


24. 
25. 


26. 


21. 


*28. 


+29, 


*30. 


Which of the following electron configurations are 
not allowed: (ø) 1922sˆ22p!3s”4p”5; (b) 13'2s72pŸ3s; 
(c) 15?2s22p53s”3p”4s?4434ƒ1? 1f not allowed, explain why. 
In what column of the Periodic Table would you expect to 
lind the atom with each of the following configurations: 
(a) 19223?2p”; — (b) 1922s”2pð3s”;  (c) 1s^2s72p53s?3p6: 
(4) 1522sˆ2pẼ3s”3pẼ4s!2 

'Why do chlorine and Iodine exhibit similar properties? 
Explan why potassium and sodium exhibit similar 
DTOPeTtles. 

'Why are the chemical properties of the rare earths so similar? 
[Himr: Examine the Periodic Table. ] 

The Ion1zation energy for neon (Z = 10) is 21.6 eV, and that 
for sodium (Z = 11) ¡s 5.1 eV. Explain the large difference. 
'Why do we expect electron transitions deep within an atom 
to produce shorter wavelengths than transitions by outer 
electrons? 

Does the Bohr model of the atom violate the uncertainty 
principle? Explain. 

Briefly explain why noble øases are nonreactive and why 
alkali metals are hiphly reactive. (See Section 28-8.) 
Compare spontaneous emission to stImulated emission. 
How does laser light differ from ordinary light? How 1s 1t 
the same? 

Explain how a 0.0005-W laser beam, photographed at a 
distance, can seem much stronger than a 1000-W street 
lamp at the same distance. 

Does the intensity of light from a laser fall off as the Inverse 
square of the distance? Explain. 

Why does the cutoff wavelength In Fig. 28-11 imply a 
photon nature for light? 

Why do we not expect perfect aøreement between meas- 
ured values of characteristic X-ray line wavelengths and 
those calculated using the Bohr model, as in Example 28§—7? 
How would you figure out which lines In an X-ray spec- 
trum correspond to K„, K;, L„ efc., transitions? 


MisConceptual Questions 


1. 


An atom has the electron configuration 1s”2s72p63s”3p54s!. 
How many electrons does this atom have? 
(a) 15. (b) 19. (c) 30. (4) 46. 


„ For the electron configuration of MisConceptual Question 1, 


what orbital quantum numbers do the electrons have? 
(a) 0. (đ) 0 and 1 and 2 and 3. 

(B) 0 and 1. (z) 0 and 1 and 2 and 3 and 4. 
(c) 0 and 1 and 2. 


- la beam of electrons Is fired throuph a sÏIt, 


(a) the electrons can be deflected because of their wave 
DIOPeTties. 

(B) only electrons that hit the edge of the slit are deflected. 

(c) electrons can interact with electromagnetic waves in the 
slit, forming a diffraction patftern. 

(đ) the probability of an electron making It through the slit 
depends on the uncertainty princIple. 


4. 


» 


'What is meant by the ground state of an atom? 

(a) AlI of the quantum numbers have their lowest values 
(n = 1, f=wu=t} 

(b) The principal quantum number of the electrons in the 
outer shell 1s 1. 

(c) AlII of the electrons are in the lowest energy state, 
consistent with the exclusion princIple. 

(đ) The electrons are In the lowest state allowed by the 
uncertainty principle. 


The Pauli exclusion principle applies to all electrons 

(a) in the same shell, but not electrons in different shells. 
(5) in the same container of atoms. 

(c) in the same column of the Periodic Table. 

(đ) in incomplete shells. 

() in the same atom. 


825 


MisConceptual Ouestions 


6. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


Which of the following 1s the best paraphrasing of the 

Heisenberg uncertainty prineciple? 

(a) Only 1f you know the exact position of a particle can 
you know the exact momentum of the particle. 

(5) The larger the momentum of a particle, the smaller the 
positlon of the particle. 

(c) The more precisely you know the position of a particle, 
the less well you can know the momentum of the 
particle. 

(đ) The better you know the position of a particle, the 
better you can know the momentum of the particle. 

(z) How well you can determine the position and 
momentum of a particle depends on the particle”s 
quantum numbers. 


. Which of the following is required by the Pauli exclusion 


principle? 

(4) No electron In an atom can have the same set of 
quantum numbers as any other electron In that 
atom. 

(b) Each electron in an atom must have the same 7 value. 

(c) Each electron in an atom must have different 7; values. 

(đ) Only two electrons can be in any particular shell of an 
atom. 

(e) No two electrons in a collection of atoms can have the 
exacf same set of quantum numbers. 


8. 


10. 


Under what condition(s) can the exact location and velocity 
of an electron be measured at the same time? 

(a) The electron is in the ground state of the atom. 

(b) The electron is in an excited state of the atom. 

(c) The electron is free (not bound to an atom). 

(đ) Both (a) and (?). 

(e) Never. 


According to the uncertainty princIple, 

(a) there is always an uncertainty in a measurement of the 
position of a particle. 

(ð) there is always an uncertainty in a measurement of the 
momentum of a particle. 

(c) there is always an uncertainty in a simultaneous 
measurement of both the position and momentum of a 
particle. 

(đ) AlI of the above. 


'Which of the following 1s of always a property of lasers? 

(a) AlI of the photons in laser lipht have the same phase. 

(B) AlI laser photons have nearly identical frequencies. 

(c) Laser lipht moves as a beam, spreading out very slowly. 

(đ) Laser light ïs always brighter than other sources of 
lipht. 

(e) Lasers depend on an inverted population of atoms 
where more atoms occupy a higher energy state than 
some lower energy sfate. 


(wPj 


j Problems 


28-2 Wave Function, Double-Slit 


1; 


(II) The neutrons ïn a parallel beam, each having kinetic 
energy 0.025eV, are directed through two slits 0.40 mm 
apart. How far apart wIll the Interference peaks be on a 
screen 1.0m away? [Himr: First find the wavelength of the 
neutron.] 


. (HT) Pellets of mass 2.0g are fired in parallel paths with 


speeds of 120m/s through a hole 3.0mm ¡in diameter. 
How far from the hole must you be to detect a 1.0-cm- 
diameter spread In the beam of pellets? 


28-3 Uncertainty Principle 


VD 


= 


( A proton ¡is traveling with a speed of 
(8.660 + 0.012) x 10) m/s. With what maximum precision 
can Its position be ascertained? [Hiw: Ap = m A.] 


- () If an electron”s positlon can be measured to a precision 


of 2.4 < 10“Ÿm, how precisely can its speed be known? 


. () An electron remains In an excited state of an atom for 


typically 10 Šs. What is the minimum uncertainty in the 
energy of the state (in eV)? 

(II) The Z? boson, discovered in 1985, is the mediator of 
the weak nuclear force, and ¡t typically decays very quickly. 
I(s average rest energy 1s 91.19 GeV, but 1s short lifetime 
shows up as an intrinsic width of 2.5 GeV. What 1s the life- 
time of this particle? [H/nf: See Example 28-3. ] 


. (II) What is the uncertainty in the mass of a muon 


(m = 105.7 MeV/c?), specified in eV/c?, given is lifetime 
of 2.20 „s? 
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8. 


9, 


10. 


11. 


13. 


14. 


(H) A free neutron (m = 1.67 x 10 ”Íkg) has a mean life 
of 880 s. What is the uncertainty in its mass (in kg)? 


(H) An electron and a 140-g baseball are each traveling 
120 m/s measured to a precision of 0.065%. Calculate and 
compare the uncertainty In position of each. 


(HA radioactive element undergoes an alpha decay with a 
lifetime of 12 s. If alpha particles are emitted with 5.5-MeV 
kinetic energy, find the percent uncertainty AƑ/E ¡in the 
particle energy. 


(II) If an electrons position can be measured to a pre- 
cision of l5nm, what 1s the uncertainty In 1s speed? 
Assuming the minimum speed must be at least equal to 1ts 
uncertainty, what is the electron's minimum kinetic energy? 


. (H) Estimate the lowest possible energy of a neutron 


contained in a typical nucleus of radius 1.2 x 10”l'm, 
[Hmr: Assume a particle can have an enersy as large as 1S 
uncertainty.] 


(HI How precisely can the posilon of a 5.00-keV 
electron be measured assuming 1(s energy 1s known to 
1.00%? 


II) se the uncertainty principle to show that If an 
electron were present in the nucleus (z & 10 lÌm), its 
kinetic energy (use relativity) would be hundreds of MeV. 
(Since such electron energies are no( observed, we 
conclude that electrons are not present ¡in the nucleus.) 
[Himr: Assume a particle can have an energy as large as 1s 
uncertainty.] 


28-6 to 28-8 Quantum Numbers, Exclusion Prnciple 


15, 
16. 


17. 


18. 


19 


20. 


21. 


22 


23 


24 
25 


26. 


27 


28. 


29. 


30. 


3 


` 


32. 


(D For ø = 6, what values can £ have? 

(D For m = 6, £ = 3, what are the possible values of nụ 
and my ? 

() How many electrons can be in the „=5, =3 
subshell? 

(D How many different states are possible for an electron 
whose principal quantum number 1s ø = 4? Write down 
the quantum numbers for each state. 

(Ð Lšst the quantum numbers for each electron in the ground 
state of (4) carbon (Z2 = 6), (b) aluminum (Z = 13). 

( List the quantum numbers for each electron in the 
øround state of oxygen (Z = 8). 

(D Calculate the magnitude of the angular momentum of 
an electron in the  = 5, # = 3 state of hydrogen. 

(D If a hydrogen atom has É = 4, what are the possible 
values for øm, 7, and my? 

(H) Ifa hydrogen atom has zn, = 
values ofø, f, and my? 

(I) Show that there can be 18 electrons in a “ø” subshell. 
(I1) What ¡s the full electron configuration in the ground 
state for elements with Z equal to (2) 26, (b) 34, (c) 38? 
[Himr: See the Periodic Table inside the back cover.] 

(T) What ¡s the full electron configuration for (4) silver 
(Ag). (5) gold (Au), (c) uranium (U)? [Himi: See the 
Periodic Table inside the back cover.] 

(ID) A hydrogen atom 1s in the 5đ state. Determine (2) the 
principal quantum number, (b) the energy of the state, (c) the 
orbital angular momentum and ïfs quantum number ƒ, and 
(đ) the possible values for the magnetic quantum number. 
(H) Estimate the binding energy of the third electron In 
lihium using the Bohr model. [H: This electron has 
w = 2 and “sees” a net charge of approximately + 1e. | The 
measured value 1s 5.36 eV. 

(T) Show that the total angular momentum 1s Zero for a 
filed subshell. 

(H) For each of the following atomic transitions, state 
whether the transition 1s a'o+oed or ƒorbidden, and why: 
(4) 4p —> 3p; (b) 3p —> 1s; (c) 4d — 2d; (đ) 5ä — 3s; 
(e)4s — 2p. 

(HT) An electron has 7; = 2 and is in its lowest possible 
energy state. What are the values of and £ for this electron? 
(ID) An excited H atom ¡s ín a 6đ state. (2) Name all the 
states (m,f) to which the atom 1s “allowed” to make a 
transition with the emission of a photon. (b) How many 
different wavelengths are there (ignoring fine structure)? 


—3, what are the possible 


*28-9 X-Rays 


#3. 


*34. 


#35. 


*36. 


#37, 


*38. 


"9, 


*40. 


(ID What are the shortest-wavelength X-rays emitted by 
electrons striking the face of a 28.5-kV 'TV picture tube? 
What are the longest wavelengths? 
(D HE the shortest-wavelength bremsstrahlung X-rays emitted 
from an X-ray tube have À = 0.035 nm, what is the voltaøe 
across the tube? 
(Ð Show that the cutoff wavelength Ào In an X-ray spectrum 
1S øIVen by 
1240 nm 

TNG 
where V 1s the X-ray tube voltage In volts. 
(D Eor the spectrum of X-rays emitted from a molybdenum 
target (EFig.28—11), determine the maximum and minimum 
©nergy. 
(ID Use the result of Example 28-7 (Z = 42) to estimate 
the X-ray waveleneth emitted when a cobalt atom (Z“ = 27) 
makes a transition from ø = 2 to ø = 1. 
(H) Estimate the wavelength for an #£„= 3 to nœ= 2 
transition ïn iron (Z2 = 26). 
(TT) Use the Bohr model to estimate the wavelength for an 
n = 3 to n = 1 transition in molybdenum (Z = 42). The 
measured value 1s 0.063 nm. Why do we not expect perfect 
agreement? 
(H) A mixture of iron and an unknown material is bom- 
barded with electrons. The wavelengths of the K„ lines are 
194 pm for iron and 229 pm for the unknown. What is the 
unknown material? 


Ào = 


28-11 Lasers 


4I. 


42. 


43. 


4A. 


(I) A laser used to weld detached retinas puts out 
25-ms-long pulses of 640-nm lipght which average 0.68-W 
output during a pulse. How much energy can be deposited 
per pulse and how many photons does each pulse contain? 
[Himr: See Example 27-4. | 

(I) A low-power laser used in a physics lab might have a 
power of 0.50 mW and a beam diameter of 3.0 mm. Calcu- 
late (2) the average lipht intensity of the laser beam, and 
(b) compare 1t to the Intensity of a liphtbulb producing 
100-W light viewed from 2.0m. 

(II) Calculate the wavelenpth of the He—Ne laser (see 
Fip. 28-20). 

(H) Estimate the angular spread of a laser beam due to 
diffraction 1ƒ the beam emerges through a 3.0-mm-diameter 
mirror. Assume that À = 694 nm. What would be the diam- 
eter of this beam If it struck (2) a satellite 340 km above the 
Earth, or (b) the Moon? [Hnr: See Sections 24—5 and 25—7.] 


| General Problems 


45. 


4ó. 


47. 


The magnitude of the orbital angular momentum In an 
excited state of hydrogen is 6.84 < 10” J-s and the z com- 
ponent is 2.11 < 10 '†J-s. What are all the possible values 
of, f and mm; for this state? 

An electron In the ø# = 2 state of hydrogen remains there 
on average about 10” s before jumping to the ø = 1 state. 
(a) Estimate the uncertainty in the energy of the ø# = 2 
state. (b) What fraction of the transition energy 1s this? 
(c) What is the wavelength, and width (in nm), of this line 
1n the spectrum of hydrogen? 

What are the largest and smallest possible values for the 
angular momentum ⁄L of an electron in the 7 = 6 shell? 


48. 


49. 


50. 


A 12-g bullet leaves a rifle at a speed of 150 m/s. (z) What 
1s the wavelength of this bullet? (5) If the position of the 
bullet is known to a precision of 0.60 cm (radius of the 
barrel), what is the minimum uncertainty ¡n i(s momentum? 
T an electron”s position can be measured to a precision of 
2.0 x 10m, what is the uncertainty in is momentum? 
Assuming 1s momentum must be at least equal to 1s 
uncertainty, estimate the electron”s wavelength. 

The ionization (binding) energy of the outermost electron 
in boron 1s 8.26 eV. (z) Use the Bohr model to estimate the 
“effective charge,” Z¿tr, seen by this electron. (b) Estimate 
the average orbital radius. 
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General Problems 


51. 


5. 


33. 
54. 


S. 


S6. 


57. 


58. 


Using the Bohr formula for the radius of an electron orbit, 
estimate the average distance from the nucleus for an 
electron in the innermost (# = 1) orbit of a uranium atom 
(Z= 92). Approximately how much enerey would be 
required to remove this Innermostf electron? 

Protons are accelerated from rest across 480 V. They are 
then directed at two slits 0.70 mm apart. How far apart will 
the Interference peaks be on a screen 28 m away? 

How many electrons can there be in an “h” subshell? 

(a) Show that the number of different states possIble for a 
given value of ƒ is equal to 2(2f + 1). (b) What is this 
number for £ = 0, 1,2, 3, 4, 5, and 6? 

Show that the number of different electron states possible 
for a given value of ø is 2#”. (See Problem 54.) 

A beam of electrons with kinetic energy 45 keV 1s shot 
throupgh two narrow sÏits in a barrler. The sÏits are a dis- 
tance 2.0 < 10” m apart. If a screen is placed 45.0 em behind 
the barrier, calculate the spacing between the “bripht” 
fringes of the Iinterference pattern produced on the screen. 
The angular momentum In the hydrogen atom 1s gIven 
both by the Bohr model and by quantum mechanics. 
Compare the results for m = 2. 

The lifetime of a typical excited state in an atom 1s about 
10 ns. Suppose an atom falls from one such excifed state 
to a lower one, and emits a photon of wavelength about 
500 nm. Eind the fractional energy uncertainty AF/E and 
wavelength uncertainty AA/A of this photon. 


59. 


60. 


61. 


6. 


63 


64 


*6S. 


A 1300-kg car is traveling with a speed of (22 + 0.22) m/s. 
'WWith what maxIimum precision can 1ts position be determined? 
An atomic spectrum contains a line with a wavelength 
centered at 488 nm. Careful measurements show the line 1s 
really spread out between 487 and 489 nm. Estimate the 
lifetime of the excited state that produced this line. 

An electron and a proton, each initially at rest, are acceler- 
ated across the same voltage. Assuming that the uncertainty 
1n their position 1s given by their de Broglie wavelenpth, 
lind the ratio of the uncertainty In their momentum. 

TỶ the principal quantum number ứ were limited to the range 
from I1 to 6, how many elements would we find in nature? 
T your de Broglie wavelength were 0.50 m, how fast would 
you be moving I1 your mass 1s 68.0 kg? Would you notice 
diffraction effects as you walk through a doorway? Approx- 
1mately how long would 1t take you to walk through the 
doorway? 

Suppose that the spectrum of an unknown element shows 
a series Of lines with one out of every four matching a line 
from the Lyman series of hydrogen. Assuming that the 
unknown element is an lon with Z protons and one 
electron, determine Z and the element In question. 
Photons of wavelenepth 0.154nm are emitted from the 
surface of a certain metal when It is bombarded with high- 
energy radiation. TỶ this photon wavelength corresponds to 
the K„ line, what ïs the element? 


j Search and Learn 


1. 


se the uncertainty principle to estimate the position uncer- 
tainty for the electron In the øround state of the hydrogen 
atom. [Hmr: Determine the momentum using the Bohr 
model of Section 27-12 and assume the momentum can 
be anywhere between this value and zero.] How does this 
result compare to the Bohr radius? 


. Ôn what factors does the periodicity of the Periodic Table 


depend? Consider the exclusion principle, quan(1zation of 
angular momentum, spin, and any others you can think of. 


. As điscussed ¡in Section 28-5: (2) List two aspects of the 


Bohr model that the quantum-mechanical theory of the 
atom refained. (5) Give one maJor difference between the 
Bohr model and the quantum-mechanical theory of the atom. 


. Estimate (z) the quantum number £ for the orbital angular 


momentum of the Earth about the Sun, and (5) the number 
Of possible orienftations for the plane of Earth”s orbit. 


. Show that the diffraction spread of a laser beam, À/D 


(Section 28-11), 1s precisely what you might expect from 
the uncertainty principle. See also Chapters 24 and 25. 
[Himi: Since the beam”s width is constrained by the dimen- 
sion of the aperture D, the component of the lighfs 
momentum perpendicular to the laser axis is uncertain.] 


ANSWERS TO EXERCISES 
A: (c). 

B: 2.1 x 10” kg-m/s, 2.3 x 105m/s. 
€:2.1.,0, =1; =2. 
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6. 


nở 


For noble gases, the halogens, and the alkali metals, explain 
the atomIc structure that 1s common to each øgroup and how 
that structure explains a common property of the øroup. 
(See Section 28-8.) 


Imagine a line whose length equals the diameter of the 
smallest orbit in the Bohr model. If we are told only that 
an electron 1s located somewhere on this line, then the 
electron”s position can be specifled as x = 0 + r¡, where 
the origin 1s at the line”s center and z; is the Bohr radius. 
Such an electron can never be observed at rest, but instead 
at a minimum will have a speed somewhere in the range 
from =0 — Aø to 0+ Aø. Determine A?. 


. What is uncertain in the Heisenberg uncertainty principle? 


Explain. (See Section 28-3.) 


D: —0.38eV, 4⁄20 ñ. 
E: Add one line to Ll in Table 28-2: 2, 0,0, — 3. 
E: 1572s22p”3s”3p634194s24p!, 


This computer processor chip contains over 1.4 billion transistors, plus diodes and other 
semiconductor electronic elements, all in a space of about 1 cm?. It uses 22-nm 
technology, meaning the “wires” (conducting lines) are 22 nm wide. 

Before discussing semiconductors and their applications, we study the quantum 
theory description of bonding between atoms to form molecules, and how 1t explains 
molecular behavior. We then examine how atoms and molecules form solids, with 


emphasIs on metals as well as on semiconductors and their use In electronics. Vc* P Tờ» 
CHAPTER-OPENING QUESTION——Guess now! CONTENTS 
'What holds a solid together? *29~1 Bondingin Molecules 
(a) Gravitational forces. *29~2_ Potential-Energy Diagrams 
(b) Magnetic forces. for Molecules 
(c) Electric forces. *29~3 Weak (van der Waals) Bonds 
(đ) Glue. *29~4_ Molecular Spectra 
(e) Nuclear forces. *29~5_ Bonding in Solids 
*29~=6_ Free-Electron Theory of 
Iince 1ts development In the 1920s, quantum mechanics has had a profound Metals; Fermi Energy 


influence on our lives, both intellectually and technologically. Even theway *29-z Band Theory of Solids 

we view the world has changed, as we have seen in the last few Chapters. 29-8 Semiconductors and Doping 
Now we discuss how quantum mechanics has given us an understanding ofthe 29-9 Semiconductor Diodes, 
structure of molecules and matter in bulk, as well as a number of important applica- LEDs, OLEDs 
tions including semiconductor devices and applications to biology. Semiconductor  ”29-10 Transistors: Bipolar and 
devices, like transistors, now may be only a few atoms thick, which 1s the realm of Ð/ MREEEDI 
quantum mechanics. *29-11I  Integrated Circuits, 


22-nm Technology 
*29—-]l Bonding in Molecules 


One of the greaf successes of quantum mechanics was to ø1ve sclenfists, at last, an 
understanding of the nature of chemical bonds. Because 1t 1s based In physIcs, 
and because this understanding 1s so Important in many fields, we discuss 1t here. 
By a molecule, we mean a øroup of two or more atoms that are strongly held 
together so as to function as a single unit. When atoms make such an attachment, 
we say that a chemical bond has been formed. There are two main types Of strong 
chemical bond: covalent and 1omc. Many bonds are actually Intermediate between 
these twOo types. 829 


Nucleus 
(+le) 


Nucleus 
(+le) 


FIGURE 29-1 Electron probability 
distribution (electron cloud) for two 


H atoms when the spins are the same: 


SÃ=j+5=I. 


FIGURE 29-2 Electron probability 
distribution (cloud) around two 
Hatoms when the spins are opposIte 
(S = 0): in this case, a bond 1s 
formed because the posifive nuclel 
are attracted to the concentration of 
the electron cloud”s negative chargøe 
between them. This is a hydrogen 
molecule, H;. 
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* Covalent Bonds 


To understand how cø0alent bonds are formed, we take the simplest case, the 
bond that holds two hydrogen atoms together to form the hydrogen molecule, H;. 
The mechanism 1s basically the same for other covalent bonds. As two H atoms 
approach each other, the electron clouds begin to overlap, and the electrons from 
each atom can “orbit” both nuclei. (This is sometimes called sharing electrons.) 
Tf both electrons are In the pround state („ = 1) of their respective atoms, there 
are two possibilities: the1r spins can be parallel (both up or both down), in which 
case the total spin is Š = ÿ + ÿ = 1; or their spins can be opposite (my = +} 


for one, and ø; = —; for the other), so that the total spin $ = 0. We shall 
now see that a bond 1s formed only for the § = 0 state, when the spins are 
ODpOSIt€. 


First we consider the Š = 1 state, for which the spins are the same. The two 
electrons cannot both be In the lowest energy state and be attached to the same 
atom, for then they would have 1dentical quantum numbers In violation of the 
exclusion principle. The exclusion principle tells us that, because no two electrons 
can occupy the same quantum state, 1Ÿ two electrons have the same quantum 
numbers, they must be different 1n some other way——namely, by being 1n different 
places In space (for example, attached to different atoms). Thus, for Š = 1, when 
the two atoms approach each other, the electrons will stay away from each other 
as shown by the probability distribution of Eig. 29—1. The electrons spend very 
litle time between the two nuclel, so the positively charged nuclei repel each 
other and no bond 1s formed. 

For the Š = 0 state, on the other hand, the spins are opposite and the two 
electrons are consequently in different quantum states (, is different, + for 
one, — › for the other). Hence the two electrons can come close together, and the 
probability distributon looks like Eig. 29-2: the electrons can spend much of 
therr time between the two nuclei. The two posifively charged nucle1 are attracted 
to the negatively charged electron cloud between them, and this 1s the attraction 
that holds the two hydrogen atoms together to form a hydrogen molecule. This 
1s a covalenf bond. 

The probability distributions of Figs. 29—1 and 29-2 can perhaps be better 
understood on the basis of waves. What the exclusion principle requires 1s that 
when the spins are the same, there 1s destrucfive 1nterference of the electron wave 
functions 1n the reglon between the two atoms. But when the spins are OppOSIfe, 
consfructive Interference occurs 1n the reglon between the two atoms, resulting in 
a large amount of negative charge there. Thus a covalent bond can be said to be 
the result of constructive Interference of the electron wave functions 1n the space 
between the two atoms, and of the electrostatic attraction of the two posifIve 
nucle1 for the negative charge concentration between them. 

'Why a bond 1s formed can also be understood from the energy point 0Ÿ view. 
'When the two H atoms approach close to one another, 1f the spins of therr elec- 
trons are opposite, the electrons can occupy the same space, as discussed above. 
This means that each electron can now move about In the space of two afoms 
1nstead of in the volume of only one. Because each electron now Occuples more 
space, 1f 1s less well localized. From the uncertainty principle with Ax larger, we 
see that A p and the minimum momentum can be less. With less momentum, each 
electron has less energy when the two atoms combine than when they are separate. 
That 1s, the molecule has less energy than the two separate atoms, and so 1s 
mơre stable. An energy Input 1s required to break the H; molecule Into two separate 
H atoms, so the H; molecule 1s a stable entity. This 1s what we mean by a bond. 
The energy requrred to break a bond 1s called the bond energy, the binding energy, 
or the dissociafion energy. For the hydrogen molecule, H;, the bond energy 
1s 4.5 eV. 
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*TJonic Bonds 


An /onic bondi 1s, im a sense, a special case of the covalent bond. Instead of the 
electrons being shared equally, they are shared unequally. For example, in sodium Sr = 
chloride (NaC]), the outer electron of the sodium spends nearly all is time 
around the chlorine (Eig. 29—3). The chlorine atom acquires a net negative charge Ị 
as a result of the extra electron, whereas the sodium atom 1s left with a net posifIve Na CI 
charge. The electrostatic attraction between these two charged atoms holdsthem FIGURE 29-3 Probability 
together. The resulting bond 1s called an ionie bond because 1t 1s created by the distribution for the outermost 
attraction between the two ions (Na” and CI”). But to understand the ionic bond,  electron of Na in NaCl. 
we must understand why the extra electron from the sodium spends so much of 
1s time around the chlorine. After all, the chlorime atom 1s neutral; why should 
1 attract another electron? 

The answer lies in the probability distributlons of the electrons In the two 
neutral atoms. Sodium contains 11 electrons, 10 of which are In spherically sym- 
metric closed shells (Eig. 29—4). The last electron spends most of is time beyond FIGURE 29-4 In a neutral sodium 
these closed shells. Because the closed shells have a total charge of —10e and the atom, the 10 inner electrons shield 
nucleus has charge + 11e, the outermost electron in sodium “feels” a net attraction the nucleus, so the single outer 
due to +1e. It is not held very strongly. On the other hand, 12 of chlorines  €lectron ïs attracted by a net charge 
17 electrons form closed shells, or subshells (corresponding to 1s22s22p53s?). 9! 
These 12 electrons form a spherically symmetric shield around the nucleus. The —10e Last (3s) electron 
other five electrons are 1n 3p states whose probability distributions are not spher- 
1cally symmetric and have a form similar to those for the 2p states in hydrogen 
shown in Higs. 2§-9b and c. Four of these 37 electrons can have “doughnut- 
shaped” distributions symmetric about the z axis, as shown In Eig. 29—5. The fifth 
can have a “barbell-shaped” distribution (as for zm; = 0 in Fig.28—9b), which in 
Fig. 29—5 1s shown only in dashed outline because 1t is half empty. That 1s, the 
exclusion principle allows one more electron to be ¡n this state (it will have spin 
Opposite to that of the electron already there). If an extra electron—say from a 
Na atom——happens to be mn the vicinity, 1t can be In this state, perhaps at point x 
1n Eig. 29—5. It could experience an aftraction due to as much as +5 because the 
+17 of the nucleus 1s partly shielded at this point by the 12 1nner electrons. Thus, 
the outer electron of a sodium atom wIll be more strongly attracted by the +5e of 
the chlorine atom than by the +1e of 1s own atom. This, combined with the +I1le 
strong attraction between the two Ions when the extra electron stays with the CL, 
produces the charge distribution of Eig. 29—3, and hence the 1onic bond. 


. =€ 


FIGURE 29-5 Neutral chlorine atom. 

The +17 of the nucleus 1s shielded by the 

12 electrons in the Inner shells and subshells. 
Four of the five 3p electrons are shown In 
doughnut-shaped clouds (seen ïn cross section 
at left and right), and the fifth 1s in the 
dashed-line cloud concentrated about the 

z axis (vertical). An extra electron at x wiIll be 
aftracted by a net charge that can be as much 
as +5. 


* Partial Ionic Character of Covalent Bonds 


A pure covalent bond in which the electrons are shared equally occurs mainly In 
symmetrical molecules such as H;, O;, and C1;. When the atoms mmnvolved are 
different from each other, usually the shared electrons are more likely to be in 
the vicinty of one atom than the other. The extreme case 1s an Ionic bond. In 
inftermediate cases the co0alent bond 1s said to have a partial ionic character. *SECTION 29-1 831 


HŒ) 
FIGURE 29-6 The water molecule 
HO 1s polar. 


FIGURE 29-7 Potential energy PE 
as a function oŸ separation r for twO 
point charges of (a) like sign and 
(b) opposite sign. 


PE 
Repulsive force 
(two like charges) 
0 
PE 
0 r 


Attractive force 
(unlike charges) 


FIGURE 29-8 Potential-energy diagram for the 

H; molecule; r 1s the separation of the two H atoms. 

The binding energy (the energy difference between 0 
PE = 0 and the lowest energy state near the bottom 

of the well) is 4.5 eV, and rạ = 0.074 nm. 


The molecules themselves are polar——that 1s, one part (or parts) of the molecule has 
a net positive charge and other parts a net negative charge. An example 1s the 
water molecule, H;O (Fig. 29-6). Covalent bonds have shared electrons, which 
in HạO are mơre likely to be found around the oxygen atom than around the two 
hydrogens. The reason 1s similar to that điscussed above 1n connection with Ionic 
bonds. Oxygen has eight electrons (1s”2s?2p), of which four form a spherically 
symmefric core and the other four could have, for example, a doughnut-shaped 
distribution. The barbell-shaped distribution on the z axis (like that shown 
dashed in Fig. 29—5) could be empty, so electrons from hydrogen atoms can be 
aftracted by a net charge of +4. They are also attracted by the H nuclel, so they 
partly orbit the H atoms as well as the O atom. The net effect 1s that there 1s a net 
positive charøe on each H atom (less than + 1e), because the electrons spend only 
part of their time there. And, there is a net negative charge on the O atom. 


"29-2 Potential-Energy Diagrams 


for Molecules 


It 1s useful to analyze the Interaction between two obJects—say, between fwo 
atoms or molecules——with the use of a potential-energy diagram, which 1s a plot 
of the potential energy versus the separation distance. 

For the simple case of two point charges, đ¡ and g;, the potenfial energy PE 1s 
given by (we combine Eqs. 17-2a and 17—5) 


where r is the distance between the charges, and the constant k(= 1/47) is 
equal to 9.0 x 10?N-m”/C”. If the two charges have the same sign, the potential 
energy 1s posifive for all values of r, and a graph of PE versus 7 In this case 1s 
shown In Eig. 29—7a. The force 1s repulsive (the charges have the se sign) and 
the curve rises as r decreases; this makes sense because I1 one particle moves 
freely toward the other (r getting smaller), the repulsion slows 1t down so 1fS KE 
gets smaller, meaning PE gets larger. If, on the other hand, the two charges are of 
the øpposie sign, the potential energy 1s negative because the product đ¡ q; 1S 
negative. The force Is attractive in this case, and the praph of PE (œ —1/r) versus r 
looks like Eig.29—7b. The potential energy becomes more 7€gafiue as r decreases. 

Now let us look at the potential-energy diagram for the formation o a cova- 
lent bond, such as for the hydrogen molecule, H;. The potential energy PE of one 
Hatom mn the presence of the other 1s plotted In Eig. 29—8. Starting at large r, the 
PE decreases as the atoms approach, because the electrons concentrate between 
the two nuclel (Fig. 29—2), so attraction occurs. However, at very short distances, 
the electrons would be “squeezed out”—there 1s no room for them between 
the two nuclel. Without the electrons between them, each nucleus would feel 
a repulsive force due to the other, so the curve rises as z decreases further. 


PE 


This part corresponds 
{O aftractive force 
Thĩs part 
corresponds 
to repulsIive force 


Lowest energy sfate 
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There 1s an optImum separation of the atoms, rạ in Eig. 29—8, at which the energy 
1S lowest. Thịs 1s the point of greatest stability for the hydrogen molecule, and 
rạ 1s the averagøe separatlon of atoms 1n the H; molecule. The depth of this 
“well” is the bứding energy," as shown. This is how much energy must be put 
1nfo the system to separate the two atoms to Infinity, where the PE = 0. For the 
H; molecule, the binding energy 1s about 4.5 eV and rạ = 0.074 nm. 

For many bonds, the potential-energy curve has the shape shown 1n Hig. 29-9. 
There 1s still an optimum distance rạ at which the molecule 1s stable. But when 
the atoms approach from a large distance, the force 1s 1nifially repulsive rather than 
attractive. The atoms thus do not form a bond sponfaneously. Some additional 
enerøy must be injected into the system to get it over the “hump” (or barrier) in 
the potential-energy diagram. This required energy 1s called the acfivatfion energy. 


PE 


| 
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The curve of Eig. 29—9 is mụch more common than that of Fig.29—8. The acti- 
vation energy often reflects a need to break other bonds, before the one under 
discussion can be made. For example, to make water from O; and H;, the H; and 
O; molecules must first be broken into H and O atoms by an input of energy; this 
1s what the acfivation energy represents. Then the H and O atoms can combine to 
form H;O with the release oŸ a great deal more energy than was put In Initially. 
The Imitial activation energy can be provided by applying an electric spark to a 
mixture of H; and O;, breaking a few of these molecules Iinto H and Ö atoms. 
When these atoms combine to form H;O, a lot of energy 1s released (the ground 
state 1s near the bottom of the well) which provides the activation energy needed 
for further reacHons: additional H; and O; molecules are broken up and 
recombined to form H;O. 

The potential-energy diagrams for Ionic bonds, such as NaCl, may be more 
like Eig. 29-8: the Na” and CI” ions attract each other at distances a bit larger 
than some mạ, but at shorter distances the overlapping of1nner electron shells ø1ves 
Tise to repulsion. The two atoms thus are most stable at some Intermediate separa- 
tion, rạ. For partially ionic bonds, there 1s usually an acftivation enersy, Eig. 29—9. 

Sometimes the potential energy of a bond looks like that of Eig. 29—10. In 
this case, the energy of the bonded molecule, at a separation rạ, 1s øreater than 
when there is no bond (zr = co). That is, an energøy 7p is required to make the 
bond (hence the binding energy Is negative), and there 1s energy release when 
the bond 1s broken. Such a bond 1s stable only because there 1s the barrler of the 
acfivation energy. This type of bond 1s Iimportant 1n living cells, for 1t 1s 1n such 
bonds that energy can be stored efficlently in certain molecules, particularly ATP 
(adenosine triphosphate). The bond that connects the last phosphate group 
(designated ®)in Eig. 29~10) to the rest of the molecule (ADP, meaning adeno- 
sine diphosphate, since it contains only two phosphates) has potential energy of 
the shape shown In Fig. 29—10. Energy 1s stored in this bond. When the bond 1s 
broken (ATP —> ADP + Œ)), energy is released and this energy can be used to 
make other chemical reactlons “go.” 


“The binding energy corresponds not quite to the bottom of the potential-energy curve, but to the 
lowest quantum energy state, slightly above the bottom, as shown in Eig. 29-8. 


FIGURE 29-9 Potential-energy 
điapram for a bond requiring an 
activation energy. 


@ÒPHvsics APPLIED 
ATP and energy ïn the cell 


FIGURE 29-10 Potential-enerey 
diagram for the formation of ATP 
from ADP and phosphate (®). 
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FIGURE 29-11 The C'—O” and 
H—Nr dipoles attract each other. 
(These dipoles may be part of, for 
example, the nucleotide bases 
cytosine and guanine in DNÑA 
molecules. See Fig.29—12.) The 

+ and — charges typIcally have 
magnitudes of a fraction of e. 


€ÒPnvsics APPLIED 


DNA 


FIGURE 29-12 (a) Model of part of 
a DNA double helix. The red dots 
represent hydrogen bonds between 
the two strands. (b) “Close-up” view: 
cytosine (C) and guanine (G) 
molecules on separafe strands of a 
DNA double helix are held together 
by the hydrogen bonds (red dots) 
involving an H” on one molecule 
attracted to an N” or C'—O" ofa 
molecule on the adJacent chain. See 
also Section 16—10 and Eigs. 16-39 
and 16-40. 


In living cells, many chemical reactions have activation energles that are 
often on the order of several eV. Such energy barriers are not easy to oVercome 
1n the cell. This 1s where enzymes come 1n. They act as ca/alysís, which means 
they act to lower the activation energy so that reactions can occur that otherwise 
would not. Enzymes act via the electrostatic force to distort the bonding electron 
clouds, so that the 1nitial bonds are easily broken. 


*29—-3 Weak (van der Waals) Bonds 


Once a bond between two atoms or ions 1s made, energy must normally be sup- 
phed to break the bond and separate the atoms. As mentioned in Section 29—1, 
this enerøy 1s called the bond energy or binding energy. The binding energy for 
covalent and 1onic bonds 1s typIcally 2 to 5eV. These bonds, which hold atoms 
together to ƒorzm molecules, are often called sírong bonds to distinguish them 
from so-called “weak bonds.” The term weak bond, as we use 1t here, refers to an 
attachment be+ueen molecules due to simple electrostatic attraction—such as 
befueen polar molecules (and not +ø0ihin a polar molecule, which 1s a strong 
bond). The strength of the attachment ¡is much less than for the strong bonds. 
Bimnding energles are typically in the range 0.04 to 0.3eV——hence theIr name 
“weak bonds.” 

'Weak bonds are generally the result of attraction between dipoles. (A palr of 
equal point charges g of opposite sipn, separated by a distance £, ¡s called an 
elecfric dipole, as we saw in Chapter 17.) For example, Fig.29—11 shows two mole- 
cules, which have permanent dipole moments, attracting one another. Besides such 
dipole—-dipole bonds, there can also be đipole-induced dipole bonds, in which a 
polar molecule with a permanent dipole moment can induce a dipole moment in 
an otherwise electrically balanced (nonpolar) molecule, just as a sinple charpe 
can induce a separation of charge in a nearby object (see Eig. 16—7). There can 
even be an atfraction between two nonpolar molecules, because their electrons 
are moving about: at any Instant there may be a transient separation of charge, 
creating a brief dipole moment and weak attraction. All these weak bonds are 
referred to as van der Waals bonds, and the forces Iinvolved van der Waals forces. 
The potential energy has the general shape shown in EFig. 29-8, with the attractive 
van der Waals potential energy varying as 1/z5. The force decreases øreatly with 
Increased distance. 

'When one of the atoms In a dipole—-dipole bond 1s hydrogen, as in Eig.29—11, 
1t 1s called a hydrogen bond. A hydrogen bond 1s generally the strongest of the 
weak bonds, because the hydrogen atom 1s the smallest atom and can be approached 
more closely. Hydrogen bonds also have a partial “covalent” character: that 1s, 
electrons between the two dipoles may be shared to a small extent, making a 
stronger, more lasting bond. 

Weak bonds are very Important for understanding the activitles of cells, 
such as the double helix shape of DNA (Eig. 29-12), and DNA replication 
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(see Section 16—10). The average kinetic energy of molecules In a living cell at 
normal temperatures (7 + 300K) is around šk7 + 0.04eV (kinetic theory, 
Chapter 13), about the magnitude of weak bonds. This means that a weak bond 
can readily be broken Just by a molecular collision. Hence weak bonds are not 
very permanent——they are, Instead, brief attachments. This helps them play par- 
ticular roles in the cell. On the other hand, strong bonds—those that hold 
molecules together—are almost never broken simmply by molecular collision 
because their binding energles are much higher (“2to5eV). Thus they are 
relatively permanent. They can be broken by chemical action (the making of 
even stronger bonds), and this usually happens in the cell with the aid of an 
enzyme, which 1s a protein molecule. 


Nucleotide energy. Calculate the potential energy between 
a C”=O” dipole of the nucleotide base cytosine and the nearby H”—N” dipole 
Of guanine, assuming that the two dipoles are lined up as shown In Hig. 29—11. 
Dipole moment (= 4#) measurements (see Table 17-2 and Eig. 29—11) give 


30 x 10 *C›:m 


¬" = 30 % 1U2G =: B9 
đh CÝN  010x10®m : 
and 
8.0 x 10C-m 
¬" `. = 67x10 ”®C = 0.42. 
ức đo 0.12 x 10m 


APPROACH We want to find the potential energy of the two charges In one 
dipole due to the two charges In the other, because this will be equal to the 
work needed to pull the two dipoles mmfimitely far apart. The potential energy 
of a charge đ¡ In the presence of a charge đ@; 1S PE = kÍ4 q›/n›) where 
k= 90 x 107N-m°/C” and rứ; is the distance between the two charges. (See 
Eqs. 17-2 and 17-5.) 


SOLUTION The potential energy consists of four terms: 
PE = PEcn + PEcy + PEow + PEoN 


where PEcw means the potential energy of C in the presence of H, and similarly 
for the other terms. We do not have terms corresponding to C and O, or N and H, 
because the two dipoles are assumed to be stable entities. Then, using the 
distances shown In Fig. 29—11, we get: 


n im + đc ÑN + đo + m 


FCH FCN FOH TON 
1 1 1 
= (80 %100N:m2/C?(67 < 10”G)(30 x 10C)| 
FCH FCN FOH 
HữỮ “07/1 1 1 1 
= (9.0 x 109N-m?/C?)(6.7)(3.0 + 
( mỶ/C?\(6.7)(3.0) (109m) (031 041 019 0.29 


—1.86 x 10?9J = —0.12eV. 


The potential energy 1s negative, meaning 0.12 eV of work (or energy input) 1s 
required to separate the dipoles. That 1s, the binding energy of this “weak” or 
hydrogen bond 1s 0.12eV. This 1s only an estimate, oŸ course, since other 
charges In the vicinity would have an influence too. 


*SECTION 29-3 Weak (van der Waals) Bonds 
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FIGURE 29-13 Protein synthesis. 
The yellow rectangles represent 
amino acids. See text for detalls. 
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* Protein Synthesis 


Weak bonds, especially hydrogen bonds, are crucial to the process oŸ protein 
synthesis. Proteins serve as structural parts of the cell and as enzymes to catalyze 
chemical reactions needed for the growth and survival of the organism. A protein 
molecule consists oŸ one or more chains of small molecules known as aino acids. 
There are 20 different amino acids, and a sinple protein chain may contain 
hundreds of them ïn a specific order. The standard model for how amino acids 
are connected together In the correct order to form a protein molecule 1s shown 
schematically in Fig. 29—13. 

We begin at the DNA double helix: each gene on a chromosome contains the 
information for producing one protein. The ordering of the four bases, A, C, G, 
and TT; provides the “code,” the genefic code, for the order of amino acids In 
the protein. First, the DNA double helix unwinds and a new molecule called 
messenger-RNA (m-RNA) 1s synthesized using one strand of the DNA as a 
“template.” m-RNA 1s a chain molecule containing four different bases, like 
those of DNA (Section 16—10) except that thymine (T) is replaced by the similar 
uracil molecule (U). Near the top left in Fig. 29—13, a C has Just been added to 
the growmg m-RNA chain in much the same way that DNA replicates 
(Fig. 16-40); and an A, attracted and held close to the T on the DNA chaïn by the 
electrostatic force, will soon be attached to the C by an enzyme. The order of 
the bases, and thus the genetic Information, 1s preserved In the m-RNA because 
the shapes of the molecules only allow the “proper” one to øet close enough so the 
electrostatic force can act to form weak bonds. 

Next, the m-RNA 1s buffeted about in the cell (recall kinetic theory, Chapter 13) 
until 1t gets close to a tiny organelle known as a r/bosơme, to which 1t can attach 
by electrosfatic attraction (on the ripht m Fig.29—13), because their shapes allow the 
charged parts to get close enough to form weak bonds. (Recall that force 
decreases preatly with separation distance.) Also held by the electrostatic force 
to the ribosome are one or two íranøsƒer-RNA (t-RNA) molecules. These t-RNA 
molecules “translate” the genetic code of nucleotide bases Into amino acids in 
the following way. There 1s a different t-RNA molecule for each amino acid and 
cach combination of three bases. On one end of a t-RNÑA molecule 1s an amino 
acid. On the other end of the t-RNÑA molecule 1s the appropriate “anticodon,” 
a set of three nucleotide bases that “code” for that amino acid. If all three 
bases of an anticodon match the three bases of the “codon” on the m-RNA (n 
the sense of G to C and A to U), the anticodon 1s attracted electrostatically 
to the m-RNA codon and that tRNA molecule is held there bricfly. The 
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rIbosome has two particular attachment sites which hold two t-RNA molecules 
while enzymes bond the two amino acids together to lengthen the amino acid 
chain (yellow In Fig. 29-13). As each amino acid ¡is connected by an enzyme 
(four are already connected In Eig. 29—13, top right, and a fifth is about to be 
connected), the old t-RNA molecule is removed——perhaps by a random collision 
with some molecule 1n the cellular fluid. A new one soon becomes atfracted as 
the rIbosome moves along the m-RNA. 

This process of protein synthesis 1s often presented as 1ƒ 1t occurred In clock- 
work fashion—as 1Ÿ each molecule knew 1fs role and went to 1s assipned place. 
But this 1s not the case. The forces of attraction between the electric charges of 
the molecules are rather weak and become sigmificant only when the molecules can 
come close together, and when several weak bonds can be made. Indeed, 1ƒ the 
shapes are not Just right, the electrostatic attraction 1s nearly zero, which 1s why 
there are few mistakes. The fact that weak bonds are weak 1s very Important. If they 
were strong, collisions with other molecules would not allow a t-RNÑA molecule 
to be released from the ribosome, or the m-RNA to be released from the DNA. 
TỶ they were not temporary encounters, metabolism would grind to a halt. 

As each amino acid 1s added to the next, the protein molecule ørows 1n length 
unfil 1t 1s complete. Even as 1t 1s being made, this chain 1s being buffeted about1n 
the cell——we might think of a wIgsgling worm. But a protein molecule has electrically 
charged polar groups along 1ts length. And as 1t takes on various shapes, the 
electric forces of attraction between different parts of the molecule will even- 
tually lead to a particular shape of the protein which 1s quite stable. Each type of 
protein has 1s own special shape, depending on the location of charged atoms. In 
the last analysis, the final shape depends on the order of the amino acids. 


*29-4 Molecular Spectra 


'When atoms combine to form molecules, the probability distributions of the outer 
electrons overlap and this Interaction alters the energy levels. Nonetheless, mol- 
ecules can undergo transitions between electron energy levels Just as atoms do. 
For example, the H; molecule can absorb a photon of]Just the right frequency to 
excIfe one oŸ 1s øround-state electrons to an excited state. The excited electron 
can then return to the ground state, emitting a photon. The energy of photons 
emifted by molecules can be of the same order of magmitude as for atoms, 
typically 1 to 10 eV, or less. 

Additional energy levels become possible for molecules (but not for atoms) 
because the molecule as a whole can rotate, and the atoms of the molecule can 
vibrate relaftIve to each other. The energy levels for both rotational and vibrational 
levels are quantized, and are generally spaced much more closely (10 3to 10 eV) 
than the electronic levels. Each atomic energy level thus becomes a set of closely 
spaced leve]s corresponding to the vibrational and rotational motions, Fig. 29—14. 
Transitons from one level to another appear as many very closely spaced lines. 
In fact, the lnes are not always distinguishable, and these spectra are called 
band spectra. Each type of molecule has its own characteristic spectrum, which 
can be used for identification and for determination of structure. We now look 1n 
more đetail at rotational and vibrational states in molecules. 


3p 
FIGURE 29-14 (a) The individual 
energy levels of an isolated atom 
become (b) bands of closely spaced 
levels in molecules, as well as In 

2s solids and liquids. 

Isolated atom Atom in a molecule 
(a) (b) 
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FIGURE 29-15 Diatomic molecule 
rofating about a vertical ax1s. 


FIGURE 29-16 Rotational energy 
levels and allowed transitions 
(emission and absorption) for a 


điatomic molecule. Upward-pointing 


aTrroWs represent absorption of a 
phofon, and downward arrows 
represenf emission of a photon. 
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* Rotational Energy Levels in Molecules 


W©e consider only diatomic molecules, although the analysis can be extended to 
polyatomic molecules. When a diatomic molecule rotates about 1ts center of mass 
as shown In Eig. 29—15, is kinetic energy of rotation (see Sectlon 8—7) 1s 
¬.. (1ø)? 

2 2I 

where Ƒœ 1s the angular momentum (Section 8-8). Quantum mechanics predicts 
quanfization of angular momentum jusf as in atoms (see Eq. 28—3): 


lạ = V#( + 1) h, { = 0, HỆ 2P 


where É is an integer called the rotafional angular momenfum quanfum number. 
Thus the rotational energy 1s quantized: 
Œ@)? 2 


“ =— + ¬ 
TOf 2] tự 1) 


Transitions between rotational energy levels are subJect to the selectfion rule 

(as in Section 28—6): 

At = 

The energy of a photon emitted or absorbed for a transition between rofational 
states with angular momentum quantum number and £ — 1 will be 


it = 


0 = 01,2,--. (29-1) 


+1. 


2 h2 
AFeg = EụT Bại = 2Œ + 1) — Ty (Ê— 1)(9) 
_ #ˆ £ is for upper 
s rẺ Ben state | (22-2) 


W© see that the transition energy Increases directly with £. Figure 29—16 shows some 
of the allowed rotational energy levels and transitlons. Measured absorption lines 
fallin the microwave or far-infrared regions of the spectrum (energies 10 ”eV), 
and therr frequencies are generally 2, 3, 4, --- times higher than the lowest one, 
as predicted by Eq. 29-2. 


EXERCISEA Determine the three lowest rotational energy states (in eV) for a nitrogen 
molecule which has a moment of inertia 7 = 1.39 x 10”'“kg-mứ. 


Rotational transition. A rotational transition £# = 1 to 
£ = 0 for the molecule CO has a measured absorption wavelength À¡ = 2.60 mm 
(microwave region). Use this to calculate (z) the moment of inertia of the CO 
molecule, and (5) the CO bond length, z. 
APPROACH The absorption wavelength is used to find the energy of the 
absorbed photon, and we can then calculate the moment of inertia, 7, rom 
Eq. 29-2. The moment of inertia 1s related to the CO separation (bond length r). 
SOLUTION (a) The photon energy,  = Jhƒ = hc/À, equals the rotational 
enersy level difference, A Erạ(. From Eq. 29—2, we can wrIte 

hˆ hc 

r†t = Â Riet = hƒ = Evù 

1 
With £ = 1 (the upper state) in this case, we solve for 7: 
ù?t hài (6.63 x 10 32J-s)(2.60 x 10 3m) 


J mm. le = 
' 4a^(3.00 < 108m/$) 


EXAMPLE 29-2 


he 47c 
= 1.46 X 10'“kg-mử. 
(b) The molecule rotates about its center of mass (CM) as shown in Eig. 29—15. 
Let m¡ be the mass of the C atom, z¡ = 12u, and let z; be the mass of the O, 
mm; = 16u. The distance of the CM from the C atom, which 1s r¡ in Fig. 29—15, 1s 
gIven by the CM formula, Eq. 7-9: 
0 +mạr 16 
— 12+16" 


The O atom 1s a distance r; = r — r¡ = 0.43r from the CM. The moment of 


= 0.57. 


Hị — 
mỊ + mạ 


Iinertia of the CO molecule about its CM is then (see Example 8—9) 
l = mì rị + nạ r2 
[(12u)(0.57r)? + (16u)(0.43r)?|[1.66 x 10” kg/u] 
= (1.14 x 10 kg)r”. 
We solve for r and use the result of part (đ) for 7: 
_ ự 1.46 x 10'kg-m2 
1.14 x 10kg 


= 1.13 X 10m = 0.113nm + 


0.11 nm. 


| EXERCISEB_ What are the wavelengths of the next three rotational transitions for CO? 


*Vibrational Energy Levels in Molecules 


The potential energy of the two atoms 1n a typical diatomic molecule has the shape 
shown m Eig.29—8 or 29~—9, and Fig.29—17 again shows the PE for the Hạ molecule (solid 
curve). This PE curve, at least in the vicinity of the equilibrium separation rạ , closely 
resembles the potential energy of a harmonic oscillator, PE = ¿kx”, which is 
shown superposed 1n dashed lines. Thus, for small displacements from rạ;, each atom 
©experlences a restoring force approximately proportional to the displacement, 
and the molecule vibrates as a simple harmomic oscillator (SHO)——see Chapter 11. 
According to quantum mechanics, the possible quanfized energy levels are 


Eụp = (b + ?)hƑ, p= 0/1,/2,--, (29-3) 


where ƒ 1s the classical frequency (see Chapter 11—ƒ depends on the mass of 
the atoms and on the bond strength or “stiffness”) and z is an integer called the 
vibrafional quantum number. The lowest energy state (w = 0) 1s not zero (as for 
rotation), but has  = ?hƒ. This is called the zero-point energy. Higher states 
have energy š/ƒ, šhƒ, and so on, as shown in Fig. 29—18. Transitions between 
vibrational energy levels are subJect to the selecftion rule 


Ayw = +1, 


so allowed transitions occur only between adjacent states”, and all give off (or 
absorb) photons of energy 


AFug = hƒ. (29-4) 


Thịs 1s very close to experimental values for small „. But for higher energIes, the 
PE curve (Eig. 29—17) begins to deviate from a perfect SHO curve, which affects 
the wavelengths and frequencies of the transitions. Iypical transition energ1es are 
on the order of 10 1eV, roughly 10 to 100 times larger than for rotational 
transitions, with wavelengths in the infrared region of the spectrum (+ 10m). 


Vibrational energy levels in hydrogen. Hydrogen mole- 
cule vibrations emit infrared radiation of wavelensth around 2300 nm. (2) What 
1s the separation in energy between adjacent vibrational levels? (b) What is the 
lowest vibrational energy state? 


APPROACH The energy separation between adjacent vibrational levels 1s 
(Eq.29-4) Ai = hƒ = hc/À. The lowest energy (Eq. 29-3) has w = 0. 
SOLUTION 


6.63 x 10””†J-s)(3.00 x 10Ẻ 
(4) AEup = c s) Si) 


h = = 
/ À (2300 x 10 ”m)(1.60 x 10'?1/eV) 


where the denominator includes the conversion factor from Joules to eV. 


= 0.54eV, 


(5) The lowest vibrational energy has  = 0 in Eq.29-3: 

Eụp = (+ 3)hƒ = ;hƒ = 027eV. 
EXERCISE €_ What is the enersy of the first vibrational state above the ground state in 
the hydrogen molecule? 


TForbidden transitions with Aw = 2 are emitted with much lower probability, but their observation 
can be Important in some cases, such as in astronomy. 


_ SHO G k3) 


2 
molecule 


TT —4.5eV 


FIGURE 29-17 Potential energy for 
the Hạ molecule and for a simple 
harmonic oscillator (PE = }k+xŸ, 


with |x| = |r — rạÌ). 


FIGURE 29-18 Allowed vibrational 
energIes for a điatomic molecule, 
where ƒ is the fundamental 
frequency of vibration (see 

Chapter 11). The energy levels are 
equally spaced. Transitions are 
allowed only between adjacent 
levels (Aw = +1). 
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*29—5 Bonding in Solids 


Ouantum mechanics has been a great tool for understanding the structure 
Of solids. This active field of research today 1s called solid-state physics, or 
condensed-matfter physics so as to include liquids as well. The rest of this Chapter 
1s devofed to this subJect, and we begin with a brief look at the structure of solids 
and the bonds that hold them together. 

Although some solid materlals are ømorphous in structure (such as glass), in 
that the atoms and molecules show no long-range order, we are interested here 
1n the large class OŸ crysíalne substances whose atoms, 1ons, or molecules are 
generally accepted to form an orderly array known as a laffice. Figure 29—19 
shows three of the possible arrangements of atoms In a crystal: simple cubic, 
face-centered cubic, and body-centered cubic. The NaCl crystal lattice 1s shown 
1n Fig. 29-20. 

The molecules of a solid are held together in a number of ways. The most 
common are by coaien bonding (such as between the carbon atoms of the diamond 
crystal) and by /onic bonding (as in a NaCT crystal). Often the bonds are partially 
covalent and partially ionic. Qur discussion of these bonds earlier in this Chapter 
for molecules applies equally well to solids. 

Let us look for a moment at the NaCl crystal of Fig. 29-20. Each Na” ion 
feels an attractive Coulomb potential due to each of the six “nearest neighbor” 
CI ions surrounding it. Note that one Na” does not “belong” exclusively to 
one CÏ, so we must not thíink of Ionic solids as consisting of individual mole- 
cules. Each Na” also feels a repulsive Coulomb potential due to other Na” ions, 
although this is weaker since the Na” ions are farther away. 

A diferent type of bond occurs in metals. Metal atoms have relatively 
loosely held outer electrons. Metallic bond theories propose that in a metallic 
solid, these outer electrons roam rather freely among all the metal atoms which, 
without their outer electrons, act like positive 1ons. According to the theory, the 


FIGURE 29-19 Arrangement of electrostatic attraction between the metal Ions and this negative electron “øas” 1s 
atoms in (a) a simple cubic crystal, responsible, at least In part, for holding the solid together. The binding energy of 
(b) face-centered cubic crystal metal bonds 1s typically 1 to 3 eV, somewhat weaker than 1onic or covalent bonds 
(note the atom at the center of (Š to 10 eV in solids). The “free electrons” are responsible for the high electrical 
each face), and (c) body-centered and thermal conductivity of metals. This theory also nicely accounts for the 
cubic crystal. Each of these “cells” shininess of smooth metal surfaces: the free electrons can vibrate at any frequency, 
1s repeated in three dimensions to so when light of a range of frequencies falls on a metal, the electrons can vibrate 
the Nhau Of the macroscopic in response and re-emit light of those same frequencies. Hence, the reflected 
crystal. 


light wIll consist largely of the same frequencies as the Incident light. Compare 
this to nonmetallic materials that have a distinct color—the atomic electrons 
FHGURE 29-20 Diagram of an NaCÏ  exist only in certain energy states, and when white light falls on them, the atoms 
crystal, showing the “packing” of absorb at certain frequencies, and reflect other frequencies which make up the 
TH ẾNG color we see. 

Here 1s a brief comparison of 1mportant strong bonds: 


® ionic: an electron 1s “erabbed” from one atom by another; 
® covalent: electrons are shared by atoms within a single molecule; 


® mefallic: electrons are shared by all atoms in the metal. 


The atoms or molecules of some materials, such as the noble øases, can form 
only weak bonds with each other. As we saw in Section 29—3, weak bonds have 
very low binding energies and would not be expected to hold atoms together as a 
liquid or solid at room temperature. The noble gases condense only at very low 
temperatures, where the atomic (thermal) kinetic energy 1s small and the weak 
aftraction can then hold the atoms together. 
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EXERCISE D Return to the Chapter-Opening Question, page 829, and answer 1t again 
now. Try to explain why you may have answered differently the first time. 


*29-6 Free-Electron Theory of Metals; 
Fermi Energy 


The free-electron theory of metals considers electrons 1n a metal as being In con- 
stant motion like an ideal gas, which we discussed in Chapter 13. For a classical 
1deal øas, at very low temperatures near absolute zero, 7' = 0K, all the particles 
would be in the lowest state, with zero kinetic energy (=3k7 = 0). But the 
situation 1s vastly different for an electron gas because, according to quantum 
mechanics, electrons obey the exclusion principle and can be only 1n certain 
possIble energy levels or states. Electrons also obey a quantum sftatistics called 
Fermi—Dirac sfatisties” that takes into account the exclusion principle. All parti- 
cles that have spin › (or other half-integral spin: 3, š, etc.), such as electrons, 
proftons, and neufrons, obey Fermi-Dirac sfatistics and are referred to as fermions 
(see Section 28-7). The electron gas in a metal is often called a Fermi gas. 
According to the exclusion principle, no two electrons 1n the metal can have the 
same set of quantum numbers. Therefore, 1n each of the energy states available 
for the electrons 1n our “øas,” there can be at most two electrons: one with spin up 
(m, = +3) and one with spin down (my = —3). Thus, at 7 = 0K, the possible 
energy levels will be filed, two electrons each, up to a maximum level called the 
Fermi level. This is shown 1n Eig. 29—21, where the vertical axIs 1s the “density of 
Occupied states,” whose meaning 1s similar to the Maxwell distribution for a 
classical gas (Section 13—10). The energy of the state at the Fermi level 1s called 
the Fermi energy, +. For copper, #y = 7.0eV. Thịs 1s very much greater than 
the energy of thermal motion at room temperature (KE = ÿ$k7 + 0.04eV, 
Eq. 13-8). Clearly, all motion does not stop at absolute zero. 

At T =0, all states with energy below #2 are occupled, and all states above 
ty are empty. What happens for 7 > 0? We expect that at least some of the 
electrons wIll increase In energy due to thermal motion. Eigure 29—22 shows the 
density of occupled states for 7 = 1200K, a temperature at which a metal 1s so 
hot it would glow. We see that the distribution differs very lhttle from that at 
T=0. We see also that the changes that do occur are concentrated about the 
Fermi level. A few electrons from slightly below the Fermi level move to energy 
states sliphtly above 1t. The average energy of the electrons Increases only very 
slightly when the temperature 1s Increased from 7' = 0K to 7 = 1200K. Thịs 1s 
very different from the behavior of an ideal gas, for which kinetic energy 
Increases directly with 7. Nonetheless, this behavior 1s readily understood as 
follows. Energy of thermal motion at 7 = 1200K is about $k7 + 0.1eV. The 
Fermi level, on the other hand, 1s on the order of several eV: for copper It 1s 
Ey % 7.0eV. An electron at 7 = 1200K may have 7eV of energy, but 1t can 
acquire at most only a few times 0.1 eV of eneregy by a (thermal) collision with 
the lattice. Only electrons very near the Fermi level would find vacant states 
close enough to make such a transition. Essentially none of the electrons could 
1ncrease 1n energy by, say, 3 eV, so electrons farther down 1n the electron øas are 
unaffected. Only electrons near the top of the energy distribution can be ther- 
mally excited to higher states. And their new energy 1s on the averagøe only 
slightly higher than their old energy. This model of free electrons In a mefal as a 
“gas,” though Iincomplete, provides good explanations for the thermal and 
electrical conducfivity of metals. 


?Developed independently by Enrico Fermi (Eigs. 1-13, 27-11, 28-2, 30-7) in early 1926 and by 
P.A.M. Dirac a few months later. See Section 28—7. 
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FIGURE 29-21 At 7 = 0K, all 
States up to energy Eg, called the 
Fermi enersy, are filled. (Shown 
here for copper.) 


FIGURE 29-22 The density of 
occupied states for the electron gas 
1n copper. The width k7 shown 
above the graph represents thermal 
energy at 7 = 1200K. 
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*29—-Z7 Band Theory of Solids 


molecule atoms 


` 
` 


Energy————> 


Atomic separatlon ————> 


(a) 


W© saw In Section 29—1 that when two hydrogen atoms approach each other, the 
wave functions overlap, and the two 1s states (one for each atom) divide into two 
states of diferent energy. (As we saw, only one of these states, Š$ = 0, has low 
enouph energy to give a bound H; molecule.) Figure 29—23a shows this situation 
for 1s and 2s states for two atoms: as the two atoms øet closer (toward the left in 
Fig.29—-23a), the 1s and 2s states split Into two levels. IÝ six atoms come together, 
as in Fig. 29—-23b, each of the states splits into six levels. If a large number of 
atoms come together to form a solid, then each of the oripinal atomic levels 
becomes a band as shown in Eig. 29—23c. The energy levels are so close together 
1n each band that they seem essenfially continuous. This 1s why the spectrum of 
heated solids (Section 27-2) appears continuous. (See also Eig. 29-14 and its 
discussion at start of Section 29—4.) 


Allowed 
energy 

| bands 

Bồ ä B Energy gap 

ø 5 

= = 

m m 

AtomIc separatlon ————> AtomIic separatlon ————> 


(b) (c) 


FIGURE 29-23 The splitting of 1s and 2s atomic energy levels as (a) two atoms approach each other 
(the atomic separation decreases toward the left on the graph); (b) the same for six atoms, and (c) for 
many atoms when they come together to form a solid. 


FIGURE 29-24 Energy bands for 
sodium (Na). 
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The crucial aspect of a good conductfor 1s that the highest energy band con- 
taining electrons 1s only partially filled. Consider sodium metal, for example, whose 
energy bands are shown in Eig. 29-24. The 1s, 2s, and 2p bands are full (just as In 
a sodium atom) and don”t concern us. The 3s band, however, is only half full. To 
see why, recall that the exclusion principle stipulates that in an atom, only two 
electrons can be In the 3s state, one with spin up and one with spin down. These 
two sfates have sliphtly different energy. For a solid consisting of ) atoms, the 3s 
band wIll contain 2 possible energy states. A sodium atom has a single 3s electron, 
so 1n a sample of sodium metal containing  atoms, there are Ấ electrons 1n the 
3s band, and ) unoccupIed states. When a potential difference 1s applied across 
the metal, electrons can respond by accelerating and increasing the1r enerøy, since 
there are plenty of unoccupled states of slightly higher energy available. Hencc, 
a current flows readily and sodium 1s a good conductor. The characteristic of all 
good conductors 1s that the highest energy band 1s only partially filled, or two 
bands overlap so that unoccupIed states are available. An example of the latter 
1S magnesium, which has two 3s electrons, so 1fs 3s band 1s filled. But the unfilled 
3p band overlaps the 3s band In energy, so there are lots of available states for the 
electrons to move 1nto. Thus magnesium, foo, 1s a good conductOr. 

In a material that 1s a good insulafor, on the other hand, the highest band 
containing electrons, called the valence band, is completely filed. The next 
hiphest energy band, called the conduction band, 1s separated from the valence 
band by a “forbidden” energy gap (or band gap), F,, of typically 5 to 10eV. So 
at room temperature (300 K), where thermal energies (that is, average kinetic 
energy—see Chapter 13) are on the order of ‡k7' ~ 0.04eV, almost no electrons 
can acqurre the 5eV needed to reach the conduction band. When a potential 
difference 1s applied across the material, no available states are accessible to the 
electrons, and no current flows. Hence, the material 1s a good 1nsulator. 
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(a) Conductor (b) Insulator (c) Semiconductor 


Figure 29-25 compares the relevant energy bands (a) for conductors, 
(b) for insulators, and also (c) for the important class of materials known as 
semiconduectors. The bands for a pure (or intfrinsic) semiconductor, such as silicon 
OT øermanium, are like those for an 1nsulator, except that the unfilled conduction 
band 1s separated from the fñilled valence band by a much smaller energy øap, 
E,, which for siicon is Ey = 1.12eV. At room temperature, electrons are moving 
about with varying amounts of kinetic energy (KE = $7), according to kinetic 
theory, Chapter 13. A few electrons can acquire enough thermal energy to reach 
the conduction band, and so a very small current may flow when a voltage 1s 
applied. At higher temperatures, more electrons have enough energy to Jump the 
gap (top end of thermal distribution—see Fig. 13-20). Often this effect can more 
than offset the effects of more frequent collisions due to increased disorder at 
higher temperature, so the resisfIvity of semiconductors can đecrease WICh 1ncreas- 
¡ng temperature (see Table 18-1). But this is not the whole story oŸ semiconductor 
conduction. When a potential difference 1s applied to a semiconductor, the few 
electrons in the conduction band move toward the posifive electrode. Electrons 
1n the valence band try to do the same thing, and a few can because there are 
a small number of unoccupIed states which were left empty by the electrons 
reaching the conduction band. Such unfilled electron states are called holes. 
Each electron 1n the valence band that fills a hole 1n this way as 1t moves toward 
the positive electrode leaves behind 1ts own hole, so the holes migrate toward 
the negative electrode. As the electrons tend to accumulate at one side of the 
material, the holes tend to accumulate on the opposite side. We wll look at this 
phenomenon in more detail in the next Section. 


Calculating the energy gap. It ¡s found that the conduc- 
{Ivity OŸ a cerfain semiconductor increases when light of wavelensgth 345 nm or 
shorter strikes 1t, sugøesting that electrons are being promoted from the valence 
band to the conduction band. What is the energy gap, Ey, for this semiconductor? 


APPROACH The longest wavelength (lowest energy) photon to cause an 
Increase In conductfivity has À = 345nm, and is enerey (= Jƒ) equals the 
©n€rgy øap. 
SOLUTION The gap energy equals the energy ofa À = 345-nm photon: 

he (6.63 x 10 32J-s)(3.00 x 108m/s) 


Ey = hƑ = T= = 36eV. 
k đÍ — TA — (345 x10 9m)(L60 x 101/eV) : 


CONCEPTUAL EXAMIPLE 29-5 | Which ïs transparent? The energy gap 


for silicon 1s 1.12 eV at room temperature, whereas that of zinc sulfide (ZnS) 1s 
3.6 eV. Which one of these 1s opaque to visible light, and which 1s transparent? 


RESPONSE. Visible-light photons span energles from roughly 1.8 eV to 3.1 eV. 
(E = hƒ = hc/A where À = 400nm to 700nm and 1eV = 1.6 x 10”].) 
Light 1s absorbed by the electrons In a material. Silicon”?s energy gap 1s small 
enouph to absorb these photons, thus bumping electrons well up into the con- 
duction band, so silicon 1s opaque. On the other hand, zinc sulfide”s energy gap 
1S SO large that no visible-light photons would be absorbed; they would pass 
ripht through the material which would thus be transparenI. 


FIGURE 29-25 Energy bands for 


(a) a conductor, (b) an insulator, 
which has a large energy gap Es, 


and (c) a semiconductor, which has 


a small energy gap #s. Shading 
represenfs occupled states. Pale 


shading In (c) represents electrons 


that can pass from the top of the 


valence band to the bottom of the 


conduction band due to thermal 
agIfation at room temperature 
(exaggerated). 
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“29-8 Semiconductors and Doping 


Nearly all electronic devices today use semiconductors—mainly silicon (S1), 
although the first transistor (1948) was made with germanium (Ge). An atom of 
silicon has four outer electrons (group IV of the Periodic Table) that act to hold 
the atoms 1n the regular lattice structure of the crystal, shown schematically im 
Fig.29—26a. Silicon acquires properties useful for electronics when a tiny amount 
Of impurity is introduced into the crysfal structure (perhaps 1 part in 10 or 107). 
Thịs 1s called doping the semiconductor. Two kinds of doped semiconductfor can 
be made, depending on the type of impurify used. The impurity can be an element 
whose atoms have five outer electrons (group V in the Periodic Table), such as arsenic. 
Then we have the situation shown in Hg. 29—26b, with a few arsenic atoms holding 
pOositions in the crystal lattice where normally silicon atoms are. Only four of arsenic”s 
electrons fit into the bonding structure. The fifth does not ñt in and can move 
relatively freely, somewhat like the electrons In a conductor. Because of this small 
number of extra electrons, a doped semiconductor becomes slightly conducting. 
The density of conduction electrons in an infrinsie (= undoped) semiconductor at 
room temperature is very low, usually less than 1 per 10 atoms. With an impurity 
concentration of 1 in 105 or 10” when doped, the conductivity will be much higher 
and 1t can be controlled with great precision. An arsenic-doped silicon crystal 1s an 
n-fype semiconduector because 7zszf/ue charges (electrons) carry the electric current. 


Silicon atom Silicon atom 

FIGURE 29-26 Two-dimensional ° ° ° ° ° ° 
represenfation of a silicon crystal. .. - 9° - Q-°-° - 9° 
(a) Four (outer) electrons surround s ° ° ° ' R . 
cach silicon atom. (b) Silicon crystal Electron „ ° s ° ° ° mã b tờ 
doped with a small percentage of XS 6s :ð: :È› vi» xi + ¿CC 
arsenIc atoms: the extra electron ¿== =Ea 
doesn't fit into the crystal lattice and : Ỳ \ ` ' electron 
SO 1s free to move about. This is an ° k : : ° ° 
nñn-type semiconductor. (a) -Ồ 8: -9--‹Q- (®) -8- -:Q--‹Q-‹ 

a ° ° ° ° ° ° 


In a p-fype semiconducfor, a small percentage of semiconductor atoms are 
replaced by atoms with three outer electrons (group III in the Periodic Table), 


©® CAUTION such as boron. As shown 1n Fig. 29—27a, there 1s a hole in the laftice structure 


though + charges moue—buf 
electrons actually do the mouing 


D-IYp€ seniconduetors acL4s  near a boron atom because it has only three outer electrons. Electrons from 
nearby silicon atoms can jump 1mto this hole and filH it. But this leaves a hole 
where that electron had previously been, FEig. 29—27b. The vast maJority of atoms 
are silicon, so holes are almost always next to a silicon atom. Since silicon atoms 
requrre four outer electrons to be neutral, this means there 1s a net positive charge 
at the hole. Whenever an electron moves to fill a hole, the positive hole 1s then at 
the previous posifIlon of that electron. Another electron can then ñilI this hole, and 
the hole thus moves to a new location; and so on. This type of semiconductor 1s 
called p-type because it is the positive holes that carry the electric current.” Note, 
however, that both p-£ype and n-fype semiconductors have 0ø nef charge on them. 

TEach electron that fills a hole moves a very short distance (~1 atom < 1nm) whereas holes move 


much larger distances and so are the real carriers of the current. We can tell the current 1s carried by 
positive charges (holes) by using the Hall effect, Section 20-4. 


Boron atom  Silicon atom 
FIGURE 29-27 A p-type semiconductor, g  Z k ° ° ° 
boron-doped silicon. (a) Boron has only three "“ ‹ồ ÖỒQ-‹ -6› -QO--Q- 
outer electrons, so there 1s an emptfy SpOt, OT ° ° ° 
S ° ° -Hole 
° Q se S® ®) v6. 


hole in the structure. (b) Electrons from 
silicon atoms can Jump Info the hole and fïll it. 


As a result, the hole moves to a new location ° ° ° ° ° ° 

(to the right in this diapram), to where the ° ° ° ° ° ° 

electron used to be. -* °Q›: :Q- -»* °Q› °Q- 
(a) ° ° ° (b) ° ° ° 
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According to the band theory (Section 29—7), in a doped semiconductor the 
1mpurity provides additional energy states between the bands as shown In 
Fig. 29—28. In an z-type semiconductor, the impurity energy level lies Just below 
the conduction band, Eig. 29—-28a. Electrons In this energy level need only about 
0.05 eV In Sĩ to reach the conduction band which 1s on the order of the thermal 
enersy, šk7 (~ 0.04eV at 300 K). At room temperature, the small % of electrons 
in this donor level (~1in 10”) can readily make the transition upward. This 
energy level can thus supply electrons to the conduction band, so 1t 1s called a 
donor level. In p-type semiconductors, the Impurity enersy level is Just above the 
valence band (Fig. 29—28b). It is called an acceptor level because electrons from 
the valence band can Jump 1nto 1t with only average thermal energy. Posiftive 
holes are left behind In the valence band, and as other electrons move Into these 
holes, the holes move as điscussed earlier. 


EXERCISE E_ Which of the following impurity atoms in silicon would produce a ?-type 
semiconductor? (z) Ge; (b) Ne; (c) AI; (4) As; (e) Ga; (ƒØ) none of the above. 


*29~—9 Semiconductor Diodes, LEDs, OLEDs 


Semiconductor diodes and transistors are essenfial components of modern elec- 
tronic devices. The miniatur1zation achieved today allows many millions of diodes, 
transistors, resistors, etc., to be fabricated (adding doping atoms) on a sinple chip 
less than a millimeter on a side. 

At the mterface between an -type and a ?-type semiconducfor, a ø# juncfion 
điode is formed. Separately, the two semiconductors are electrically neutral. But near 
the Junction, a few electrons diffuse from the ø-type Info the ?-type semiconductor, 
where they fill a few of the holes. The ø-type 1s left with a posifive charge, and 
the p-type acqulres a net negative charge. Thus an “intrInsic” pofermtial diƒƒference 1S 
established, with the ” side posiftive relative to the p side, and this prevents further 
diffusion of electrons. The “junction” 1s actually a very thin layer between the 
charged ø and p semiconductors where all holes are filled with electrons. This 
junction region is called the đepletion layer (depleted of electrons and holes).” 

TỶ a battery 1s connected to a diode with the posifIive terminal to the p side 
and the negative terminal to the ø side as In Fig. 29—29a, the externally applhied 
voltaøe opposes the Intrinsic potential difference and the diode 1s said to be 
forward biased. If the voltage 1s great enough, about 0.6V for Sĩ at room 
temperature, 1t overcomes that Intrinsic potenftial difference and a large current can 
flow. The positive holes 1n the -type semiconductor are repelled by the posifive 
terminal of the battery, and the electrons In the z-type are repelled by the nega- 
tive termimal of the battery. The holes and electrons meet at the Juncfion, and the 
electrons cross over and fïll the holes. A current 1s flowing. The posifive terminal 
of the battery 1s continually pulling electrons off the ø end, forming new holes, 
and electrons are being supplied by the negative terminal at the ø end. 

'When the diode 1s reverse biased, as in Eig. 29—29b, the holes In the ? end are 
atfracted to the battery's negative terminal and the electrons in the ø end are 
atfracted to the positive terminal. Almost no current carriers meet near the 
junction and, 1deally, no current flows. 


One way to form the ø+ boundary at the nanometer thicknesses on chips is to implant (or diffuse) 
ñ-type donor atoms Info the surface of a p-type semiconductfor, converting a layer of the ?-type 
Semiconductor Info -type. 
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FIGURE 29-28 Impurity energy 
levels in doped semiconductOrs. 


FIGURE 29-29 Schematic diasram 
showing how a semiconductor diode 
operates. Current flows when the 
voltage 1s connected In forward bias, 
as in (a), but not when connected in 
reverse bias, as in (b). 
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FIGURE 29-30 Current through a 
silicon øw diode as a function of 


applied voltage. 


FIGURE 29-31 (a) A simple 
(half-wave) rectifier circuit using a 
semiconductor diode. (b) AC source 
1nput voltage, and output voltaøe 
across Ö#, as functions of time. 
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A graph of current versus voltage for a typical điode 1s shown 1n Fig. 29—30. 
A forward bias greater than 0.6 V allows a large current to flow. In reverse blas, 
a real diode allows a small amount of reverse current to flow; for most practical 
purposes, it is negligible. 
The symbol for a diode 1s 
——>+— [diode] 


where the arrow represents the direction conventional (+) current flows readHly. 


EXAMPLE 29-6 | A diode. The diode whose current—voltage characteristics 
are shown In Eig. 29—30 1s connected In series with a 4.0-V battery in forward 
bias and a resistor. If a current of 15 mÀA 1s to pass throuph the diode, what resIs- 
tance must the resistor have? 

APPROACH We use Fig. 29—30, where we see that the voltage drop across the 
điode 1s about 0.7V when the current is 15 mA. Then we use simple circuit 
analysis and Ohm'”s law (Chapters 18 and 19). 

SOLUTION The voltage drop across the resistor Is 4.0 — 07V = 3.3 V, so 
R =V/I = (3.3V)/(1.5 x 10A) = 220 0. 


Tf the voltage across a diode connected In reverse bias 1s Increased greatly, 
breakdown occurs. The electric field across the Junction becomes so large that 
1On1zatlon of atoms results. The electrons thus pulled off their atoms contribute 
to a larger and larger current as breakdown confinues. The voltaøe remaIns con- 
stant over a wide range of currentfs. This 1s shown on the far left in Eig. 29—30. 
This property of diodes can be used to accurately regulate a voltage supply. 
A diode designed for this purpose 1s called a zener diode. When placed across 
the oufput of an unregulated power supply, a zener diode can maintain the voltage 
at 1s own breakdown voltage as long as the supply voltage 1s always above this 
point. Zener diodes can be obtained corresponding to voltages of a few volts to 
hundreds of volts. 

A điode 1s called a nonlinear device because the current 1s not proportional 
to the voltage. That Is, a graph of current versus voltage (Fig. 29-30) is not a 
straipht line, as 1t is for a resistor (which ideally ¡s linear). 


* Rectifiers 


Since a ?ø junction diode allows current to flow only in one direction (as long 
as the voltage is not too high), it can serve as a recfifier——to change ac Into dc. 
A simple rectifler circuif 1s shown In Eig. 29—31a. The ac source applies a voltaøe 
across the diode alternately posifive and negative. Only during half of each cycle 
wlll a current pass through the diode; only then 1s there a current through the 
resistor Ñ. Hence, a graph of the voltage Vay across Ñ as a function of time looks 
like the output voltage shown In Fig. 29—31b. This half-wave rectificafion 1s not 
exactfly dc, but 1t 1s unidirectional. More useful 1s a full-wave rectifier circuit, which 
uses two diodes (or sometimes four) as shown in Fig. 29—32a (top of next page). 
Atany given Insfant, either one diode or the other will conduct current to the right. 


TAt room temperature, the reverse current is a fềw pA in Si; but it increases rapidly with temperature, 
and may render a diode ineffective above 200°C. 
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(b) Without capacitor (c) With capacitor 


Therefore, the output across the load resistor # wIll be as shown 1n Fig. 29—32b. 
Actually this 1s the voltage 1ƒ the capacitor C were not In the circuit. The capacitor 
tends to store charge and, 1f the time constant RC 1s sufficiently long, helps to 
smooth out the current as shown in Fig. 29—32c. (The variation in output shown 
in Eig. 29—32c is called ripple voltage.) 

Rectifier circuits are important because most line voltage In buildings 1s ac, 
and most electronic devices requrre a dc voltage for the1r operation. Hence, diodes 
are found In nearly all electronic devices Including radios, TV sets, computers, and 
chargers for cell phones and other devices. 


* Photovoltaic Cells 


Solar cells, also called photovolfaic cells, are rather heavily doped øz junction 
điodes used to convert sunlight into electric energy. Photons are absorbed, creating 
electron-hole pairs 1f the photon energy 1s greater than the band gap energy, E, 
(see Eigs. 29—-25c and 29-28). That is, the absorbed phofton excites an electron 
from the valence band up to the conduction band, leaving behind a hole in the 
valence band. The created electrons and holes produce a current that, when 
connected to an external circuit, becomes a source of emf and power. A typical 
silicon øw Junction may produce about 0.6 V. Many are connecfed in serles fO 
produce a higher voltage. Such serles strings are connected in parallel within 
a photovoltaic panel. Research includes experimenting with combinations of 
semiconductors. A gøood photovoltaic panel can have an output of perhaps 
50 W/nỷ, averaged over day and night, sunny and cloudy. The world's total elec- 
tricity đdemand ¡s on the order of 101W, which could be met with solar cells 
covering an area of only about 200 km x 200 km of Earth's surface.” 

Phofodiodes (Section 27—3) and semiconductor parficle detecfors (Section 30—13) 
operate similarly. 


*LEDs 


A Tight-emitting điode (LED) 1s sort of the reverse of a photovoltaic cell. When a 
pn Junction 1s forward biased, a current begins to flow. Electrons cross from the 
nn-region 1nfo the p-reglon, recombining with holes, and a photon can be emitted 
with an energy about equal to the band gap energy, #,. This does not work well with 
silicon diodes.* But high light-emission is achieved with compound semiconducfors, 
typically involving a group LH and a group V element such as gallium and arsenic 
(= gallium arsenide = GaAs). Remarkably, GaAs has a crystal strucfure very 
similar to S¡. See Fig. 29-33. For doping of GaAs, group VI atoms (like Se) can 
serve as donors, and group II atoms (valence +2, such as Zn) as acceptors. The 
energy gap for GaAs 1s ý = 1.42eV, corresponding to near-infrared photons 
with wavelength 870 nm (almost visible). Such infrared LEDs are suitable for use in 
remote-control devices for TVs, DVD players, stereos, car door locks, and so on. 

The first visible-light LED, developed In the early 1960s, was made of a semi- 
conductor compound of gallium, arsenic, and phosphorus (= GaAsP) which 
emitted red light. The red LED soon found use as the familiar indicator lights 
(on-off) on electronic devices, and as the bripht red read-out on calculators and 


TElectricity makes up about 5% of total global energy use. 
*Electron-hole recombination in silicon results mostly in heat, as lattice vibrations called phonons. 


FIGURE 29-32 (a) Full-wave 
rectifler circuit (ineluding a 
transformer so the magnitude of the 
voltage can be changed). (b) Output 
voltage In the absence of capacitor C. 
(c) Output voltase with the capacitor 
1n the circuIt. 
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LEDs and applications 
Car saƒfety (brakes) 


FIGURE 29-33 (a) Two Sĩ atoms 
forming the covalent bond showing the 
electrons In different colors for each of 
the two separate atoms. (In Fig. 29—26a 
we showed each atom separately to 
emphas1ze the four outer electrons in 
each.) (b) A gallium-arsenic palr, also 
covalently bonded. 


Silicon Gallium Arsenic 
° S° ° e° 
° = L2 ° : LÀ 
e©° L S° e° 
(a) (b) 
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FIGURE 29-34 (a) A combination of 
three LEDs of three different colors | 
ø1ves a sort of white color, but there 
are larøe wavelenpth øaps, so some 
colors would not be reflected and 
would appear black; this type 1s 
rarely used now. (b) A blue LED with 
fluorescent phosphors or powders 
øIves a better approximation of 

white light. (Thanks to M. Vannoni 


and G. Molesini for (b).) 


FIGURE 29-35 LED flashliphts. 
Note the tiny LEDs, each maybe 
3cm in điameter. 


FIGURE 29-36 A pulse oximeter. 
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digital clocks (briphter than the dimmer LCD readouts). Further development 
led to LEDs with higher #, and shorter wavelengths: first yellow, then finally in 
1995, blue (InGaN). A blue LED was Important because it gave the possIibility of 
a white-light LED. White lght can be approximated by LEDs In two ways: 
(1) using a red, a yellow-green, and a blue LED; (2) using a blue LED with 
coatings of “powders” or “phosphors” that are fluorescent (Section 28-10). For 
the latter, the high-energy blue LED photons are themselves emitted, plus they 
can excite the varlous phosphors to excited states which decay 1n fwO or more 
steps, emitting lipht of lower energy and longer wavelengths. Figure 29—34 shows 
typical spectra of both types. 

Yellowish 


gøreen 
Blue | Red 


„Blue LED 


Fluorescent 
phosphors 
(powders) 


Light Intensity 
Light Intensity 


400 500 600 700 400 500 600 700 800 
'Wavelength (nm) 'Wavelength (nm) 
(a) (b) 

LED “bulbs” are available to replace other types of lighting in applications 
such as flashlights (EFig. 29—35), street lighting, traffic sipgnals, car brake lights, bill- 
boards, backlighting for LCD screens, and large display screens at stadiums. LED 
lights, sometimes called solid-state liphting, are longer-lived (50,000 hours vs. 
1000—2000 for ordinary bulbs), more efficient (up to 5 times), and rugged. A small 
town In Italy, Torraca, was the first to have all its street lighting be LED (2007). 
LENs can be as small as 1 or 2mm wide, and are Iindividual units with wires 
connected directly to them. They can be used for largeV screens in stadiums, but 
a home TV would require much smaller LED size, meaning fabrication oŸ many 
on a crystalline semiconductor, and the pixels would be addressed as discussed In 
Section 17—11 for LCD screens. 


* Pulse Oximeter 


A pulse oximetfer uses two LEDs to measure the % oxygen (O¿;) saturation in 
your blood. One LED ¡s red, 660nm, and the other IR (900-940nm). The 
LED beams pass through a finger (Fig. 29-36) or earlobe and are detected by a 
photodiode. Oxygenated red blood cells absorb less red and more Infrared light 
than deoxygenated cells. A ratio of absorbed lipht (red/TR) of 0.5 corresponds 
to nearly 100% O; saturation; a ratio of 1.0 1s about 85% and 2.0 corresponds to 
about 50% (bad). The LED measures during complete pulses, Including blood 
surges, and the device can also count your heartbeat rate. 


*pn Diode Lasers 


Diode lasers, using a pz-Jjunction in forward bias like an LED, are the mosf 
compact of lasers and are very common: they read CDs and DVDs and are used 
as pointers and In laser printers. They emit photons like an LED but, like all lasers 
(Section 28-11), need to have an ¡erted populafion oŸ states for the lasing frequency. 
Thịs 1s achieved by applying a high forward-bias voltage. The large current brings 
many electrons Into the conduction band at the Junction layer, and holes into the 
valence band, and before the electrons have time to combine with holes, they 
form an Inverted populatlon. When one electron drops down 1nto a hole and 
emits a photon, that photon stimulates other electrons to drop down as well, 
in phase, creating coherent laser light. Opposite ends of the crystal are made 
parallel and very smooth so they act as the mirrors needed for lasing, as shown 
1n our laser diapram, Eig. 28—18. 


°' FIGURE 29-37 These two organic 
molecules were used In the first 


N ¿ Ò Á 2 N OLEDs (1987). The hexagons have 


—= carbon at each corner, and an 
\  Z attached hydrogen, unless otherwise 
Cũ; C, noted. 
Alqa Diamine _ 


*OLED (Organic LED) 


Many organic compounds have semiconductor properties. Useful ones can have 
mobile electrons and holes. A practical organic electroluminescent (EL) device, 
an organic light-emif(ing điode (OLED) was first described ¡in the late 1980s. 

Organic compounds contain carbon (C), hydrogen (H), often nitrogen and 
oxygen, and sometimes other atoms. We usually think of them as coming from 
life—plants and animals. They are also found in petroleum, and some can be 
synthesized in the lab. Organic compounds can be complex, and often contain 
the familiar hexagonal “benzene ring” with C atoms at all (or mosf) of the six 
corners. The two organic compounds shown In Fig. 29—37 were used as #-type 
and p-type layers In the earliest useful OLED. Polymers, long organic molecules 
with repeating structural units, can also be used for an OLED. 

The simplest OLED consists of two organic layers, the emissive layer and the 
conducfive layer, each 20 to 50nm thick, sandwiched between two electrodes, 
Fig. 29—38. The anode 1s typically transparent, to let the light out. It can be made 
of a very thin layer of indium-tin oxide (TTO), which 1s transparent and conduc- 
tive, coafed on a glass slab. The cathode 1s often metallic, but could also be made 
Of transparent material. 


Cathode ——~ | 
Exciton Emissive layer FIGURE 29-38 An OLED with two organic 
Hole layers. Hole—electron recombination Into an 


exciton (dashed circle) occurs 1n the 

Gflgs emissive layer, followed by photon emission. 
Photons emitted in the wrong direction 
(upward in the diagram) reduce efficlency. 


Anode = [TO ——> 


Photons 


OLEDs can be smaller and thinner than ordinary inorganic LEDs. They can 
be more easily constructed as a unit for a screen display (¡.e., more cheaply, but  FIGURE 29-39 Head up displays 
still quite expensive) than for inorganic LEIDs. Their use as screens on cell on curved windshields can use 
phones, cameras, and TVs produces brighter light and greater contrast, and they _ curved OLEDs to show, for 
need less power (important for battery life of portable devices) than LCD screens.  €Xample, your speed without having 
Why? They need no backlight (like LCDs) because they emit the light themselves. f9 look down at the speedometer. 
OLEDs can be fabricated as a matrix, usually active matrix (AMOLED), using 
the same type of addressing described in Section 17—11 for LCDs. OLED displays 
are much thinner than LCDs and retain brightness at larger viewing angles. They 
can even be fabricated on curved or flexible substrates—try the windshield of your 
car (Fig. 29-39). The array may be RGBG (similar to a Bayer mosalc, Fig. 25—2) 
or RGBW where W = white 1s meant to give greater brightness. The subpixels 
can also be stacked, one above the other (similar to the Foveon, Fig. 25-3). 


*OLED Functioning (advanced) 


According to band theory, when a voltapge is applied (2 to5 V), electrons 
are “injected” (engineering term) into energy states of the lowest unoccupied 
molecular orbitals (LUMO) of the emissive layer. At the same time, electrons 
are withdrawn from the highest occupied molecular orbi(als (HOMO) of the 
conductfive layer at the cathode——which is equivalent to holes being “injected” 
Iinto the conductfive layer. The LUMO and HOMO enersy levels are analogous 
to the conduction and valence bands of Inorganic silicon diodes (Fig. 29-26). 
Holes travel im the HOMO, electrons in the LUMO. (“Orbital” is a chemistry 
word for the states occupied by the electrons in a molecule.) *SECTION 29-9 849 


When electrons and holes meet near the Junction (Fig.29—38), they can form 
a sort of bound state (like in the hydrogen atom) known as an excifon. An exciton 
has a small binding energy (0.1 to 1eV), and a very short lifetime on the order 
of nanoseconds. When an exciton “decays” (the negative electron and positIve 
hole combine), a photon 1s emitted. These photons are the useful output. 

The energy hƒ of the photon, and ifs frequency corresponding to the 
color, depends on the energy sfructure of the exciton. The energy øap, 
LUMO-—-HOMO, sets an upper limit on hƒ, but the vibrational energy levels of 
the molecules reduce that by varying amounts, as does the binding energy of the 
exciton. The spectrum has a peak, like those In Eig. 29-34a, but 1s wider, 
100-200 nm at half maxinum. The organic molecules are chosen so that the 
photons have frequencIes In the color range desired, say for a display subpixel: 
bluish (B), greenish (G), or red (R). 

The conductive layer ¡s also called the hole transport layer (HTL), which 
name expresses 1(s purpose. The emissive layer, on the other hand (Fig. 29-38), 
Serves two purposes: (1) 1t serves to transport electrons toward the Junction, and 
(2) 1t 1s in this layer (near the Junction) that holes meet electrons to form excitons 
and then combine and emit light. These two functions can be divided in a more 
sophistlcated OLEIHD that has three layers: Adjacent to the cathode 1s the 
elecfron transport layer (ETL), plus there is an emissive layer (EML) sandwiched 
between the ETL and the HTL. The emissive layer can be complex, containing a 
host material plus a guest compound 1n small concentration——a kind of doping—— 
to fine-tune energy levels and efficiency. 


*29—1O Transistors: Bipolar and MOSFETs 


The bipolar juncfion transistor was invented In 1948 by J. Bardeen, W. Shockley, 
and W. Brattain. It consists of a crystal of one type of doped semiconductor 
sandwiched between two of the opposite type. Both ø and pwp transistors can 
be made, and they are shown schematically In Eig. 29—40a. The three semicon- 
ductors are ø1ven the names collector, base, and emitter. The symbols for p# and 
pnp transistors are shown In Fig. 29—40b. The arrow 1s always placed on the emitter 
and indicates the direction of (conventional) current flow in normal operation. 
The operation of an ø#n transistor as an amplifer is shown In Eig. 29-41. 
A dc voltage Vẹg 1s maintained between the collector and emitter by battery %. 
The voltage applied to the base 1s called the base bias 0oltage, Vụẹ. lỶ Ứppg 1S 
pOosIfive, conduction electrons 1n the emitter are attracted Into the base. The base 
region 1s very thin, much less than 1 m, so most of these electrons flow right 
across Into the collector which 1s maintained at a positive voltage. A large 
current, ?¿, flows between collector and emitter and a much smaller current, ?ạ;, 
throuph the base. In the steady state, ?s and ?c can be considered dc. But a small 
variation (= ac) In the base voltage due to an input signal attracts (or repels) 


FIGURE 29-40 (a) Schematic diapram of pm and pnp FIGURE 29-41 An øøø transistor used as an amplifier. 
transistors. (b) Symbols for „0w and pwp transistOTs. Tg 1s the current produced by %p (in the absence of a 
signal), ¡g 1s the ac signal current (= change in ?g). 


Collector Collector 


Base Base 
Oufput 


Emitter Emitter (large) 


: : Input 
a P 

npn tranS1Stor (a) pnp transIstor gienal 

(small) 

Collector Collector 

Base sế Base số Sp 
Emitter Emitter 

npn (b) DpHp 
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charge that passes through Into the collector and thus can cause a large change 1n 
the collector current and a large change In the voltage drop across the output 
reslstor Re. Hence a transistor can aƒy a small signal Into a larger one. 
Typically a small ac signal (call 1t ¡p) 1s to be amplified, and when added to 
the base bias current (and voltage) causes the current and voltage at the collector 
to vary at the same rate but magnified. Thus, what 1s Immportant for amplification 
1s the change 1n collector current for a g1ven input chang 1n base current. We label 
these ac sipgnal currenfs (= changes In 7c and ?g) as ¡c and ¡;. The current gaïn 1s 
defined as the ratio Source Drain 


Ga Tnsulator 


output (collector) ac current íc 


.. Iinput (base) ac current Ứp 
8; may be on the order of 10 to 100. Similarly, the voltage gaïn 1s (4) 


output (collector) ac voltape 


: input (base) ac voltaøe ĐI 
Transistors are the basic elements in modern electronic ampliflers of all sorts. 

A pnp transistor operates like an pn, except that holes move 1nstead of elec- Hé nà 
trons. The collector voltage 1s negative, and so 1s the base voltaøe in normal operation. 

Another kind of transistor, very Important, ¡is the MOSFET (metal-oxide 
semiconductor field-effect transistor) common In digi(al circuifs as a type of swiích. 
Tts construction 1s shown in Eig. 29—-42a, and 1ts symbol In Eig. 29—-42b. What 1s 
called the emitter In a bipolar transistor 1s called the source in a MOSFET, (b) 
and the collector 1s called the drain. The base 1s called the gafe. The gate acts f HQGURE 29-42 Mj'Œqnatrusflenrel 
let a current flow, or not, from the source to the drain, depending on the electric a MOSFET of ø- and p-type 
field it (the gate) provides across an insulator that separates it from the p-tYP€  semieonduetors and a gate of metal 
semiconductor below, Fig. 29-42a. Hence the name “field-effect transistor” (FET). or heavily doped silicon 
MOSFETS are often used like switches, on or off, whiích in digital circuits can  (= a good conductor). (b) Symbol 
allow the storage of a binary bit, a “1” or a “0”. We discussed uses of MOSFETIS fora MOSFET which suggests is 
relative to digital'TV (Section 17—11) and computer memory storage (Section 21-8).  function. 


*29-lÏ Integrated Circuits, 
22-nm Technology 


Although mdividual transistors are very small compared to the once-used 
vacuum tubes, they are huge compared to infegrafed circuifs or chỉps (photo at 
start of this Chapter), Invented in 1959 independently by Jack Kilby and Robert 
Noyce. Tìny amounts of impurities can be 1nserted or InJected at particular loca- 
tions within a single silicon crystal or wafer. These can be arranged to form diodes, 
transistors, resistors (undoped semiconductfors), and very thin connecting “wires” 
(= conductors) which are heavily doped thin lines. Capacitors and inductors 
can also be formed, but also can be connected separately. Integrated circults are 
the heart of computers, televisions, calculators, cameras, and the electronic 
1nstruments that control aircraft, space vehicles, and automobiles. 

A tiny chip, a few millimeters on a side, may contain billions oŸ transistOTrs 
and other circuit elements. The number of elements/mm” has been doubling every 
2 or 3 years. We often hear of the technology generatfion, which is a number that 
refers to the minimum width ofa conducting line (“wire”). The gate ofa MOSFET 
may be even smaller. Since 2003 we have passed from 90-nm technolosy to 65-nm, 
to 45-nm, to 32-nm, to 22-nm, every 2 to 3 years, and now 16-nm technology 
which——being only a few atoms wide——may 1nvolve new structures and quantum- 
mechanical effects. Smaller means more điodes and transistors per mm and 
therefore preater speed (faster response time) because the distance sipnals have 
to travel 1s less. Smaller also means lower power consumption. S1ze, speed, and 
power have all been improved 10 to 100 million times 1n the last 40 years. 


Source 


The “MOS” comes from a version with a Metal gate, sillcon diOxide insulator, and a Semiconductor 
(p-type shown ¡in Eig.29-42a). The gate can also be heavily doped silicon (= good conductor). 
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1 Summary 


Quantum mechanics explains the bonding together of atoms to 
form molecules. In a covalent bond, the atoms share electrons. 
The electron clouds of two or more atoms overlap because of 
constructive Interference between the electron waves. The 
posltive nuclel are attracted to this concentration of negative 
charge between them, forming the bond. 

An ionic bond 1s an extreme case of a covalent bond In 
which one or more electrons from one atom spend much more 
time around the other atom than around their own. The atoms 
then act as oppositely charged lons that attract each other, 
forming the bond. 

These strong bonds hold molecules together, and also hold 
atoms and molecules together In solids. Also important are 
weak bonds (or van der Waals bonds), which are generally dipole 
attractions between molecules. 

'When atoms combine to form molecules, the energy levels 
of the outer electrons are altered because they now I1nteract 
with each other. Additional energy levels also become possible 
because the atoms can vibrate with respect to each other, and 
the molecule as a whole can rotate. The energy levels for both 
vibrational and rotational motion are quantized, and are very 
close together (typically, 10 1eV to 10eV apart). Each 
atomic energy level thus becomes a set of closely spaced levels 
corresponding to the vibrational and rofational motions. Tran- 
sitons from one level to another appear as many very closely 
spaced lines. The resulting spectra are called band spectra. 

The quantized rotational energy levels are øgIven by 
h2 
21` 
where ƒ 1s the moment of inertia of the molecule. 

The energy levels for vibrational motion are gIven by 

Evip = (p+3)hƒ,  ð = 0,1,2, (29-3) 
where ƒ is the classical natural frequency of vibration for the 
molecule. 'Iransitions between energy levels are subject to the 
selection rules Af = +1 and Ay = +1. 

Some solids are bound together by covalent and ionic bonds, 
Jjust as molecules are. In metals, the electrostatic force between 
free electrons and posifive Ions helps form the mefallic bond. 

In the free-electron theory of metals, electrons occupy the 
possible energy states according to the exclusion principle. At 
T = 0K, all possible states are filled up to a maximum energy 
level called the EFermi energy, y, the magnitude of which 1s 
typIcally a few eV. All states above Eg are vacant at 7 = 0K. 


Fưoi = Ef + 1) 


 = 0,1,2,--, (29-1) 


Questions 


1. What type of bond would you expect for (2) the Na mole- 
cule, (b) the HCI molecule, (c) Fe atoms in a solid? 


2. Describe how the molecule CaCl; could be formed. 


3. Does the Hạ molecule have a permanent dipole moment? 
Does O; ? Does HạO? Explain. 


4. Although the molecule H is not stable, the ion Hạ” 1s. 
Explain, using the Pauli exclusion principle. 


5. Would you expect the molecule Hạ” to be stable? Tf so, 
where would the single electron spend mosf o is time? 


6. Explain why the carbon atom (Z = 6) usually forms four 
bonds with hydrogen-like atoms. 
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In a crystalline solid, the possible energy states for electrons 
are arranged In bands. Within each band the levels are very 
close together, but between the bands there may be forbidden 
energy øaps. Good conductors are characterized by the highest 
occupied band (the conducfion band) being only partially full, 
SO lots Of states are available to electrons to move about and 
accelerate when a voltage 1s applied. In a good Insulator, the 
hiphest occupied energy band (the valence band) is completely 
full, and there 1s a laree enerey gap (5 to 10 eV) to the next highest 
band, the conducfion band. At room temperature, molecular 
kinetic energy (thermal eneresy) available due to collisions is only 
about 0.04 eV, so almost no electrons can Jump from the valence 
to the conduction band In an insulator. In a semiconductor, the 
gap between valence and conduction bands is much smaller, 
on the order of 1 eV, so a few electrons can make the transition 
from the essentially full valence band to the nearly empty 
conduction band, allowing a small amount of conductivity. 

In a doped semiconductor, a small percentage of Impurity 
atoms with five or three valence electrons replace a few of the 
normal silicon atoms with their four valence electrons. A five- 
electron Impurity produces an øñ-fype semiconductor with 
negative electrons as carrlers of current. A three-electron 
1mpurity produces a p-fype semiconductor in which positIve 
holes carry the current. The energy level of impurity atoms lies 
sliphtly below the conduction band In an ø-type semiconduc- 
tor, and acts as a đonor from which electrons readily pass into 
the conduction band. The energy level of Impurity atoms In a 
p-type semiconductor lies slightly above the valence band and 
acts as an acceptor level, since electrons from the valence band 
easily reach it, leaving holes behind to act as charøe carrIers. 

A semiconductor diode consists Of a øw juncfion and allows 
current to flow In one direction only; øz junction diodes are 
used as recfifiers to change ac to dc, as photovoltaic cells to 
produce electricity from sunlight, and as lasers. Light-emitting 
điodes (LED) use compound semiconductors which can emit 
light when a forward-bias voltage is applied; uses Include read- 
outs, infrared remote controls, visible lighting (flashlights, 
street lights), and very large TV screens. LEDs using organic 
molecules or polymers (OLED) are used as screens on cell 
phones and other displays. Common transisfors consist Of three 
semiconductor sections, either as pwp or npn. Transistors can 
amplify electrical signals and in computers serve as switches or 
gafes for the 1s and 0s of digital bits. An integrated circuit 
consisfs OŸ a tiny semiconductor crystal or chip on which many 
transistors, điodes, resistors, and other circuit elemenfs are 
constructed by placement oŸ Impurities. 


m 


The energy ofa molecule can be divided Into four categOries. 
What are they? 


Tf conduction electrons are free to roam about In a metal, 
why don't they leave the metal entirely? 


£ 


9. Explain why the resistivity of metals Increases with Increas- 
1ng temperature whereas the resistIvity oŸ semiconducfors 
may decrease with increasing temperature. 


10 


b 


Compare the resistance of a øz Junction diode connected 
1n forward bias to 1fs resistance when connected In reverse 
bias. 


11. Explain how a transistor can be used as a switch. 


12. 


13. 


14. 


Eigure 29-43 shows a “bridge-type” full-wave rectifier. 
Explan how the 
current 1s rectified 
and how current flows 


during each half cycle. Tu 


Oufput 


FIGURE 29-43 
Question 12. 


What is the main difference between ø-type and p-type 
semiconductors? 


Explain on the basis of energy bands why the sodium 
chloride crystal is a good insulator. [Hn: Consider the 
shells of Na” and CI” ions.] 


MisConceptual Questions 


15. 


16. 


17. 


18. 
19. 


In a transistor, the base-emitter junction and the base— 
collector Junction are essentially diodes. Are these Junctions 
reverse-biased or forward-biased in the application shown 
1n Hig. 29-412 


A transistor can amplify an electronic sipnal, meaning 1t 
can Increase the power of an input signal. Where does 1t 
get the energy to Increase the power? 


A silicon semiconductor ¡is doped with phosphorus. WIII 
these atoms be donors or acceptors? What type of semi- 
conductor will this be? 


Do diodes and transistors obey Ohm's law? Explain. 


Can a diode be used to amplify a signal? Explain. 


1. 


WWhat holds molecules together? 
(z) Gravitational forces. 

(b) Magnetic forces. 

(c) Electric forces. 

(4) Glue. 

(c) Nuclear forces. 


. Which of the following is true for covalently bound 


điatomic molecules such as H;? 

(2) AlI electrons in atoms have identical quantum numbers. 

(b) The molecule has fewer electrons than the two 
Separafte atoms do. 

(c) The molecule has less energy than two separate atoms. 

(đ) The energy of the molecule is ereatest when the atoms 
are separated by one bond length. 


. A hydrogen atom (Z = 1) is bonded to a lithium atom 


(Z =3) m lithium hydride, LIH. Which of the following 
are possIble spin states of the two shared electrons? 

(6) +}: +Ì: 

@) —}: —Ì: 

(6) +}: =Ì: 

(đ) Both (2) and (?). 

(c) Any of the above. 


- lonic bonding ¡s related to 


(a) magnetic dipole interactions. 

(B) the transfer of one or more electrons from one atom 
to another. 

(c) the sharing of electrons between atoms. 

(đ) the transfer of electrons to the solid. 

() oscillation dipoles. 


„ Consider Hig.29—10. As the last phosphate øroup approaches 


and then bonds to the ADP molecule, which of the follow- 

1ng 1s true? Choose all that apply. 

(a) The phosphate group Is fñrst repelled and then 
aftracted to the ADP molecule. 

(b) The phosphate group 1s always attracted to the ADP 
molecule. 

(c) The phosphate group 1s always repelled by the ADP 
molecule. 

(đ) The system first loses and then stores potential energy. 

(e) Both binding energy and activation energy are negative. 

(ƒ) Both binding energy and acfivation energy are pOSi(ive. 


6. 


9. 


10. 


Which type of bond holds the molecules of the DNÑA 
double helix together? 

(a) Covalent bond. 

(ð) Ionic bond. 

(c) Einstein bond. 

(đ) Van der Waals bond. 


In a p-type semiconductor, a hole 1s 

(a4) a region in the molecular structure where an atom 1s 
missing. 

() an extra electron from one of the donor atoms. 

(c) an extra positively charged particle in the molecular 
Structure. 

(đ) a region missing an electron relative to the rest of the 
molecular structure. 


The celectrical resistance of a semiconductor may 
decrease with Increasing temperature because, at elevated 
temperature, more electrons 

(a) collide with the crystal lattice. 

(5) move faster. 

(c) are able to jump across the energy øap. 

(đ) form weak van der Waals bonds. 


'Which of the following would zoøí be used as an Impurity In 
dopiïng silicon? 

(a) Germanium. 

(b5) Gallium. 

(c) Boron. 

(đ) Phosphorus. 

(c) Arsenrc. 


'Why are metals good conductors? 

(a) Gaining a tiny bit of energy allows their electrons to 
mOV€. 

(b) They have more electrons than profons, so some of 
the electrons are extra and free to move. 

(c) They have more protons than electrons, so some of 
the protons are extra and free to move. 

(đ) Gaining a tiny bit of energy allows their protons to move. 

(e) Electrons are tightly bound to their atoms. 
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MisConceptual Ouestions 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


G) 


j Problems 


*29-~1 to 29-3 Molecular Bonds 
Í. () Estimate the binding energy of a KCI molecule by 


calculating the electrostatic potential energy when the 
KT and CI” ions are at their stable separation of 0.28 nm. 
Assume each has a charge of magnitude 1.0e. 


. (HT) The measured binding energy of KCI ¡s 4.43 eV. From 


. 


the result of Problem 1, estimate the contribution to the 
binding energy of the repelling electron clouds at the 
equilibrium distance rạ = 0.28 nm. 


(II) The equilibrium distance rạ between two atoms In a 
molecule ¡s called the bond length. Using the bond lengths 
of homogeneous molecules (like H;, Os, and ÑN¿), one can 
estimate the bond length of heterogeneous molecules (like 
CO, CN, and NO). Thịs is done by summing half of each 
bond length of the homogenous molecules to estimate that 
of the heterogeneous molecule. Given the following bond 
lengths: Hạ (= 74pm), N¿ (= 145pm), O;(= 121pm), 
¿ (= 154pm), estimate the bond lengths for: HN, CN, 
and NO. 


(H) Binding energles are often measured experimentally in 
kcal per mole, and then the binding energy in eV per mole- 
cule 1s calculated from that result. What 1s the conversion 
factor in goïng from kcal per mole to eV per molecule? What 
1s the binding energy of KCI (= 4.43 eV) in kcal per mole? 


. (HI) Estimate the binding energy of the H; molecule, 


h 


assuming the two H nuclei are 0.074 nm apart and the two 
electrons spend 33% of their time midway between them. 


MT) (z) Apply reasoning similar to that in the text for the 
S=0and Š = 1 states in the formation of the Hạ mole- 
cule to show why the molecule He; 1s zoí formed. (b) Explain 
why the He;” molecular ion could form. (Experiment 
shows It has a binding energy of 3.1 eV at rọ = 0.11 nm.) 


*29-4 Molecular Spectra 
7. (1) Show that the quantity #”/1 has units of energy. 


8. (H) (2) Calculate the “characteristic rotational energy,” 


⁄”/21, for the Os molecule whose bond length is 0.121 nm. 
(b) What are the energy and wavelength of photons emitted 
in an £ = 3 to f= 2 transition? 


. (ID The “characteristic rotational energy,” 2/21, for N is 


10. 


11. 


12. 


2.48 x 10 eV. Calculate the N; bond length. 


(H) The equilibrium separation of H atoms in the Hạ molecule 
1s 0.074 nm (Eig. 29—8). Calculate the energies and wave- 
lengths of photons for the rotational transitions (2) £ = 1 to 
?=0,(b)£=2tof=1,and(c)?=3to£=2. 


(H) Determine the waveleneth of the photon emitted when the 
CO molecule makes the rotational transition £ = 5 to £ = 4. 
[Hiữmr: See Example 29—2.] 


(ID Calculate the bond length for the NaC1 molecule ø1ven 
that three successive wavelengths for rotational transitions 
are 23.1 mm, 11.6 mm, and 7.71 mm. 
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13. (IT) (2) Use the curve of Fig. 29—17 to estimate the stiffness 


constant & for the H; molecule. (Recall that PE = ÿkx”.) 
(5) Then estimate the fundamental wavelength for vibra- 
tional transitions using the classical formula (Chapter 11), 
but use only 3 the mass of an H atom (because both H atoms 
move). 


*29-5_ Bonding ïin Solids 
14. (II) Common salt, NaCl, has a density of 2.165 g/cm. The 


molecular weight of NaCl is 58.44. Estimate the distance 
between nearest neighbor Na and CI lons. [Him: E⁄ach lon 
can be considered to be at the corner of a cube.] 


15. (II Repeat Problem 14 for KCI whose density is 1.99 g/cmỶ. 
16. (II) The spacing between “nearest neiphbor” Na and CI 


1ons In a NaCl crystal is 0.24 nm. What is the spacing between 
two nearest neiphbor Na lons? 


*29-7 Band Theory of Solids 


17. (I A semiconductor is struck by light of slowly increasing 


18 


19 


20 


21 


. 


b 


22. 


frequency and begins to conduct when the wavelength of 
the light is 620 nm. Estimate the energy gap #s. 

(D Calculate the longest-wavelensth photon that can cause 
an electron ïn silicon (Eg = 1.12eV) to jump from the 
valence band to the conduction band. 

(II) The energy gap between valence and conduction bands 
1n øermanium 1s 0.72 eV. What range of wavelengths can a 
photon have to excite an electron from the top of the valence 
band into the conduction band? 

(II) The band gap of silicon is 1.12eV. (a) For what 
range of wavelengths will silicon be transparent? (See 
Example 29-5.) In what region of the electromagnetic 
spectrum does this transparent range begin? (0) If window 
glass 1s transparent for all visible wavelengths, what 1s the 
minimum possible band gap value for glass (assume 
À = 400nm to700nm)? [Him: If the photon has less 
energy than the band gap, the photon wIll pass throuph the 
solid without being absorbed.] 

(TI) The energy gap s in germanium ¡is 0.⁄72eV. When 
used as a photon detector, roughly how many electrons 
can be made to Jump from the valence to the conduction 
band by the passage of an 830-keV photon that loses all 1ts 
energy in this fashion? 

(II) We saw that there are 2M possible electron states in 
the 3s band of Na, where 1s the total number of atoms. 
How many possible electron states are there in the (2) 2s 
band, (5) 2p band, and (c) 3p band? (đ) State a general 
formula for the total number of possible states In any øIven 
electron band. 


*29-8 Semiconductors and Doping 
23. (HI) Suppose that a silicon semiconductor ¡is doped with 


phosphorus so that one silicon atom in 1.5 x 108 ¡is 
replaced by a phosphorus atom. Assuming that the “extra” 
electron in every phosphorus atom is donated to the con- 
duction band, by what factor 1s the density of conduction 
electrons increased? The density of silicon is 2330 kg/mỷ, 
and the density of conduction electrons In pure silicon 1s 
about 10! m3 at room temperature. 


*29-9 Diodes 


24. 


25 


26. 


21. 


28 


29 


30 


3 


(D At what wavelength wIll an LED radiate if made from a 
material with an energy øgap ly = 143 eV? 

(D Han LED emits light of wavelength À = 730 nm, what 
1s the energy gap (in eV) between valence and conduction 
bands? 

( A semiconductor diode laser emits 1.3-um lipht. 
Assuming that the lipht comes from electrons and holes 
recombining, what 1s the band gap In this laser material? 
T) A silicon diode, whose current—voltase characteristics 
are ø1ven In Fig. 29—30, 1s connected In series with a baftery 
and a 960-Ó resistor. What battery voltage 1s needed to 
produce a 14-mA current? 

(T) An ac voltage of 120-V rms is to be rectified. Estimate 
very roughly the average current in the oufput resistor 
(= 31 kO) for (2) a half-wave rectifler (Fig. 29-31), and 
(b) a full-wave rectifler (Fig. 29—32) without capacItOr. 
(HT) Suppose that the diode of Eig. 29—30 is connected in 
serIes to a 180-Ó resistor and a 2.0-V battery. What current 
flows ín the circuit? [Himr: Draw a line on Fig. 29—30 repre- 
senting the current ¡In the resistor as a function of the 
voltage across the diode; the Intersection of this line with 
the characteristic curve will give the answer.] 

(II) Sketch the resistance as a function of current, for 
Vƒ >0, for the diode shown in Fig. 29—30. 

M) A 120-V rms 60-Hz voltage is to be rectified with a 
full-wave rectifiler as In Fig. 29-32, where ®# = 33 kOÓ, and 
C = 28_E. (a) Make a rough estimate of the averagøe 
current. (5b) What happens If Œ = 0.10„F? [Himr: See 
Section 19~6.] 


*29-10 Transistors 


32. 


33, 


34. 


35. 


36. 


37. 


(D Erom Fig. 29—41, write an equation for the relationship 
between the base current (Tạ), the collector current (fc), 
and the emitter current (ïz, not labeled in Eig. 29-41). 
Assume ¡pg = ¡c = 0. 


( Draw a circuit diapram showing how a p?p transistor 
can operate as an amplifler, similar to Eig. 29—41 showing 
polarities, etc. 


(H) If the current gain of the transistor amplifier in 
Eig. 29-41 is 8 = /c/is = 95, what value must #c have If a 
1.0-„A ac base current 1s to produce an ac output voltage 
of 0.42 V? 


(I) Suppose that the current gain of the transistor in 
Fig. 29-41 is 8 = /c/ñg = 85. If Ñc = 3.8 kO, calculate 
the ac output voltage for an ac Input current of2.0 wA. 


(II) An ampilifier has a voltage gain of 75 and a 25-kO load 
(output) resistance. What ¡is the peak output current 
throuph the load resistor 1ƒ the Input voltage 1s an ac signal 
with a peak of 0.080 V2 


(HI) A transistor, whose current gain 8Ø = ic/ip = 65, Is 
connected as ¡in Fig. 29-41 with #g=3.8kO and 
Ñc = 7.8kO. Calculate (z) the voltage gain, and (b) the 
power amplification. 


Ï General Problems 


38. 


39. 


40. 


4I. 


se the uncertainty principle to estimate the binding 
energy of the Hạ; molecule by calculating the difference In 
kinetic energy of the electrons between (1ï) when they are in 
separate atoms and (1ï) when they are in the molecule. Take 
Ax for the electrons In the separated atoms to be the 
radius of the first Bohr orbit, 0.053 nm, and for the mole- 
cule take Ax to be the separation of the nuclei, 0.074 nm. 
[Himr: Let Ap % Apy.] 

The average translational kinetic energy of an atom or 
molecule is about KE = $k7' (see Section 13-9), where 
k = 1.38 x 10”1/K ¡s Boltzmann's constant. At what 
temperature 7 will KE be on the order of the bond energy 
(and hence the bond easily broken by thermal motion) for 
(a) a covalent bond (say H;) of binding energy 4.0 eV, and 
(B) a “weak” hydrogen bond of binding enersy 0.12 eV? 

A diatomic molecule 1s found to have an activation energy 
of 1.3eV. When the molecule 1s disassociated, 1.6eV of 
enerøgy 1s released. Draw a potential energy curve for this 
molecule. 

In the lonic salt KE, the separation distance between Ions 
1s about 0.27nm. (ø) Estimate the electrostatic potential 
energy between the Ions assuming them to be point 
charges (magnitude 1e). (b) When F “grabs” an electron, it 
releases 3.41 eV of energy, whereas 4.34 eV 1s required to 
1on1ze K. Find the binding energy of KF relative to free K 
and F atoms, neglecting the energy of repulsion. 


42. 


43. 


4A. 


45. 


46. 


4A7. 


The rotational absorption spectrum of a molecule displays 
peaks about §.9 x 10!! Hz apart. Determine the moment 
ofinertia of this molecule. 


For Os with a bond length of0.121 nm, what 1s the moment 
Of inertia about the center of mass? 


Must we consider quantum effects for everyday rotating 
objects? Estimate the differences between rotational energy 
levels for a spInning baton compared to the energy of the 
baton. Assume the baton consists of a uniform 32-cm-long 
bar with a mass of 230 øg and two small end masses, each of 
mass 380 ø, and ¡t rotates at 1.8 rev/s about the bar”s cenfer. 


For a certain semiconductor, the longest wavelength 
radiation that can be absorbed 1s 2.06 mm. What 1s the 
energy øap In this semiconductor? 


When EM radiation 1s Incident on diamond, it is found 
that lipght with wavelengths shorter than 226 nm will cause 
the diamond to conduct. What 1s the energy gap between 
the valence band and the conduction band for diamond? 


The energy gap between valence and conduction bands In 
zinc sulfide 1s 3.6eV. What range of wavelengths can a 
photon have to excite an electron from the top of the 
valence band Into the conduction band? 
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General Problems 


48 


49, 


5. 


‹ Most of the Sun's radiation has wavelengths shorter than 
1100 nm. FoOr a solar cell to absorb all this, what energy øap 
oupht the material have? 


. A TV remote control emits IR Iight. If the detector on the 
TY set 1s no to react to visible light, could 1t make use of 
silicon as a “window” with i(s energy gap #„ = 1.12eV? 
'What 1s the shortest-wavelength lipht that can strike sillcon 
without causing electrons to Jump from the valence band to 
the conduction band? 


Green and blue LEDs became available many years after 
red LEDs were first developed. Approximately what 
energy øaps would you expect to find in green (525 nm) 
and ïn blue (465 nm) LEDs? 


Search and Learn 


Si. Consider a monatomic solid with a weakly bound cubic 


lattice, with each atom connected to six neighbors, each bond 
having a binding energy of 3.4 < 10”3eV. When this solid 
melts, 1{s latent heat of fusion øoes directly Iinto breaking 
the bonds between the atoms. Estimate the latent heat of 
fusion for this solid, in J/mol. [Hnr: Show that ïn a simple 
cubic lattice (Fig. 29-44), there are /ree times as many bonds 
as there are atoms, when the number of atoms ïs large.] 


Ọ 
Ò 


Ọ 
Ò 


FIGURE 29-44 
Problem 51. 
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A 
A: 


B: 
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. Explain why metals are shiny. (See Section 29—5.) 
. Compare the potential energy diagram for an H; molecule 


with the potential energy diagram for ATTP formation from 
ADP and @. Explain the significance of the difference in 
shapes of the two diaprams. (See Section 29—2.) 


. (z) Why are weak bonds important in cells? (b) Explain why 


heating proteins too much may cause them to denature—— 
that is, lose the specific shape they need to function. (See 
Section 29-3.) (c) What is the strongest weak bond, and 
why? (đ) If this bond, and the other weak bonds, were 
stronger (that is, too strong), what would be the conse- 
quence for protein synthesIs? 


‹- Assume conduction electrons In a semiconductor behave 


as an Ideal gas. (This 1s not true for conduction electrons In 
a metal.) (4) Taking mass z = 9 x 10 kg and temper- 
ature 7 = 300K, determine the de Broglie wavelength of 
a semiconductor”s conduction electrons. (b) Given that the 
spacing between atoms In a semiconductor”s atomic lattice 
1s on the order of0.3 nm, would you expect room-temperafure 
conduction electrons to travel in straipht lines or diffract 
when traveling throuph this lattice? Explain. 


NSWERS TO EXERCISES 


0; 5.00 x 10 ?eV; 1.50 x 103eV. 
1.30 mm, 0.87 mm, 0.65 mm. 
0.81 eV. 
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5. A strip ofsilicon 1.6 em wide and 1.0 mm thick 1s Immersed 


1n a magnetic field of strength 1.5 T perpendicular to the 
strip (Fig. 29-45). When a current of 0.28mA ¡s run 
throuph the strip, there 1s a resulting Hall effect voltage of 
18 mV across the sfrip (Section 20-4). 
How many electrons per silicon 
atom are In the conduction band? 
The density of silicon is 2330 kg/m. 


B 


FIGURE 29-45 
Search and Learn 5. 1 


6. For an arsenic donor atom In a doped silicon semiconduc- 


tor, assume that the “extra” electron moves In a Bohr orbit 
about the arsenic ion. For this electron in the ground state, 
take Into account the dielectric constant K = 12 of the 
S1 lattIce (which represents the weakening of the Coulomb 
force due to all the other atoms or Ions in the lattice), and 
estimate (2) the binding energy, and (b) the orbit radius 
for this extra electron. [Hmí: Substtute e = Keo ¡in 
Coulomb's law; see Section 17—8 and also 27—12.] 


D: (c). 
E: (c), (e). 
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CHAPTER-OPENING QUESTION——Guess now! 
If half of an 80-ug sample of #?Co decays in 5.3 years, how much #ƒCo is left  3o_1 Structure and Properties of 


1n 10.6 years? 
(a) 10 ng. 
(b) 20 „g. 
(c) 30 ng. 
(d) 40 ug. 
(e) 0 uợ. 


n the early part of the twentieth century, Rutherfords experiments 
(Section 27—10) led to the Idea that at the cenfer of an atom there 1s a tiny 


n6 ` 
6 


6 
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In this Chapter we begin our discussion of nuclear 
physIcs. We study the properties of nuclei, the 
VarIous forms of radioactivity, and how radioactive 
decay can be used In a variety of fields to 
determine the age of old objects, from bones and 
trees to rocks and other mineral substances, and 
obtain Iinformation on the history of the Earth. 
Shown 1s one version of a Chart of the Nuclides. 
Each horizontal row has a square for each known 
1sotope (nuclide) of one element with a particular 
Z value (= number of electrons in the neutral 
atom = number of protons in the nucleus). At the 
far left is a white box with the average atomic 
weipht (or a range If uncertain) of the naturally 
OCcurring Isotopes of that element. Each vertical 
column contains nuclides with the same neutron 
number ẤÑ. For NÑ = 1 (to right of pencil), starting at 
the bottom, there 1s a lone neutron, then above 
it7H, then 3He and 3Li. Each square is color coded: 
black means a stable nuclide. Radioactive nuclides 
are blue green for 8ˆ decay, pink for 8” decay or 
electron capture (e) such as ¿Be, yellow for 
ơ decay, and so on. Thus 1H and ?H are stable but 
?H (tritium) undergoes 8” decay with half-life = 
12.3 years (“a” is for Latin “anno” = year). The 
Squares confain the atomic mass of that Isotope, or 
half-life and energy released 1f radioactive. Other 
details may be alternate decay modes and certain 
CrOSS sections (ơ). 
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theory was being developed and scientis(s were aftempting to understand the 
structure of the atom and 1ts electrons, Invesfigations Into the nucleus 1tself had 
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30—1 Structure and Properties of 
the Nucleus 


An important question for physicists was whether the nucleus had a structure, and 
what that structure might be. By the early 1930s, a model of the nucleus had been 
developed that 1s still useful. According to this model, a nucleus 1s made up of 
two fypes of particles: protons and neutrons. [These “particles” also have wave 
properties, but for ease of visualization and language, we usually refer to them 
sinply as “particles.”] A proton 1s the nucleus of the simplest atom, hydrogen. 
The proton has a positive charge (= +e = +1.60 x 10”1?C, the same magnitude 
as for the electron) and 1ts mass is measured to be 


my = 1.67262 X 10”Tkg, 


The neufron, whose existence was ascertained in 1932 by the English physicist 
James Chadwick (1891—1974), 1s electrically neutral (g = 0), as 1ts name implies. 
Its mass 1s very slightly larger than that of the proton: 

mạ = 1.67493 x 10 ”kg. 
These two consfituents of a nucleus, neutrons and protons, are referred to collec- 
tively as nucleons. 

Although a normal hydrogen nucleus consists of a single proton alone, the 
nuclei of all other elements consist of both neutrons and protons. The different 
nuclei are often referred to as nuelides. The number of protons in a nucleus (or 
nuclide) is called the atomie number and is designated by the symbol Z⁄. The total 
number of nucleons, neutrons plus protons, 1s designated by the symbol 4A and 1s 
called the atomic mass number, or sometimes simply mass number. This name 1s 
used since the mass of a nucleus 1s very closely 4 times the mass of one nucleon. 
A nuclide with 7 protons and 8 neutrons thus has Z = 7 and A = 15. The 
neutron number is ý = A — Z. 

To specIfy a given nuclide, we need give only 4 and Z. A special symbol 1s 
commonly used which takes the form 

⁄X. 

where X ïs the chemical symbol for the element (see Appendix B, and the Periodic 
Table inside the back cover), A is the atomic mass number, and Z ¡is the atomic 
number. For example, !ŸNÑ means a nitrogen nucleus containing 7 protons and 
8 neutrons for a total of 15 nucleons. In a neutral atom, the number of electrons 
orbiting the nucleus 1s equal to the atomic number Z4 (since the charge on an 
electron has the same magnitude but opposite sign to that of a proton). The main 
pIOperties of an atom, and how 1t interacts with other atoms, are largely deter- 
mined by the number of electrons. Hence Z2 determines what kind of atom 1t 1s: 
carbon, oxygen, gold, or whatever. If is redundant to specify both the symbol of 
a nucleus and 1s atomic number Z2 as described above. I the nucleus 1s nitrogen, 
for example, we know immediately that Z = 7. The subscript Z 1s thus sometimes 
dropped and 1N is then written simply 'N; in words we say “nitrogen fifteen.” 

For a particular type of atom (say, carbon), nuclei are found to contain dif- 
ferent numbers of neutrons, although they all have the same number of protons. 
For example, carbon nuclei always have 6 protons, but they may have 5, 6, 7, 8, 9, 
or 10 neutrons. Nuclei that contain the same number of protons but different 
numbers of neutrons are called isotopes. Thus, !4C, !C, 1C, !4C, '2C, and !§C 
are all Isotopes of carbon. The Isotopes of a given element are not all equally 
common. For example, 98.9% of naturally occurring carbon (on Earth) 1s the 
isotope !4C, and about 1.1% ¡is !4C. These percenftages are referred to as the 
natural abundances.” Even hydrogen has isotopes: 99.99% of natural hydrogen 
is 1H, a simple proton, as the nucleus; there are also 2H. called deuterium, 
and ?H, tritium, which besides the proton contain 1 or 2 neutrons. (The bare 
nucleus in each case is called the đdeuteron and triton.) 


“The mass value for each element as given in the Periodic Table (inside back cover) is an average 
weighted according to the natural abundances of ifs Isotopes. 
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Many 1sotopes that do not occur naturally can be produced 1n the laboratory 
by means of nuclear reactions (more on this later). Indeed, all elements beyond 
uranium (Z2 > 92) do not occur naturally on Earth and are only produced artIfi- 
cially (in the laboratory), as are many nuclides with Z < 92. 

The approximatfe s1ze of nuclei was determined orIginally by Rutherford from 
the scattering of charged particles by thin metal foils. We cannot speak about a 
definite size for nuclei because of the wave—particle duality (Section 27—7): theIr 
spatial extent must remaim somewhat fuzzy. Nonetheless a rough “size” can be 
measured by scattering high-speed electrons off nuclei. It 1s found that nuclel 
have a roughly spherical shape with a radius that Iincreases with Á according to 
the approximate formula 

r (12 x 10'5m)(4)). (30-1) 
Since the volume of a sphere is ƒ = ‡zrỶ, we see that the volume of a nucleus is 
approximately proportional to the number of nucleons, W œ 44 (because (43)? = 4). 
Thịs 1s what we would expect 1ƒ nucleons were like Iimpenetrable billiard balls: 1f 
you double the number of balls, you double the total volume. Hence, all nucle1 
have nearly the same density, and it is enormous (see Example 30-2). 

The metric abbreviation for 10m ¡s the fermi (after Enrico Fermi, 
Fig. 30-7) or the femtometer, fm (see Table 1—4 or Inside the front cover). Thus 
1.2 x 10m = 1.2fm or 1.2 fermis. 


EXAMPLE 30-1  ESTIMATE ! Nuclear sizes. Estimate the diameter of the 


smallest and largest naturally occurrine nuclei: (2z) 1H, (b) “?U. 


APPROACH The radius r of a nucleus is related to 1ts number of nucleons 44 by 
Edq.30-1. The diameter đ = 2z. 
SOLUTION (2) Eor hydrogen, A = 1, Eq.30-—1 gives 
ả = diameter = 2r  2(1⁄2 x 10 m)(4) = 2.4 10m 
since 43 = 13 = 1. 
(b) For uranium đ + (2.4 x 10'”m)(238)3 = 15 x 10'°m. 
The range of nuclear diameters 1s only from 2.4 fm to 15 fm. 
NOTE Because nuclear radii vary as A3, the largest nuclei (such as uranium 


with A = 238) have a radius only about 238 ~ 6 times that of the smallest, 
hydrogen (A = 1). 


EXAMPLE 30-2 (. ESTIMATE | Nuclear and atomic densities. Comparc the 
density of nuclear matter to the density of normal solids. 


APPROACH The density of normal liquids and solids is on the order of 10 to 
10 kg/mỶ (see Table 10—1), and because the atoms are close packed, atoms have 
about this density too. We therefore compare the density (mass per volume) of 
a nucleus to that of 1ts atom as a whole. 


SOLUTION “The mass of a profon 1s greafer than the mass of an electron by a factor 
1.67 x 10” kg 


9.1 x 103'kg 


Thus, over 99.0% of the mass of an atom ïs in the nucleus, and for our estimate we 
can say the mass of the atom equals the mass of the nucleus, 7nuel/7?2tom = Ì. 
Atoms have a radius of about 10!°m (Chapter 27) and nuclei on the order of 
10m (Eq. 30-1). Thus the ratio of nuclear density to atomic density is about 
Đnucl - (maua/Vauel) - l ftnucl 5 TỶ niùnh . (1) (109) = 1015 
atom mem Yxtom) 3 Tang (10 5} 


The nucleus ¡is 10! times more dense than ordinary matter. 


~ 2000. 


ff!atom 


The masses of nucle1 can be determined from the radius of curvature of fast- 
moving nuclei (as Ions) in a known magnetic field usine a mass spectrometer, 
as discussed 1n Section 20—11. Indeed the existence oŸ different 1sotopes of the 
same element (different number of neutrons) was discovered using this device. 


SECTION 30-1 
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Nuclear masses can be specified in unified a(omic mass unifs (u). On this scale, 
a neutral !*C atom is given the exact value 12.000000 u. A neutron then has a meas- 
ured mass of 1.008665 u, a proton 1.007276 u, and a neutral hydrogen atom †H 
‹$ CAUTION (proton plus electron) 1.007825u. The masses of many nuclides are given in 
Äasses are ƒor neufral ao Appendix B. It should be noted that the masses In this Table, as 1s customary, are for 
(nucleus plus electro15) the neutral afom (including electrons), and not for a bare nucleus. 
Masses may be speciled using the electron-volt energy unit, 1 eV = 1.6022x10”1J 
(Section 17-4). This can be done because mass and energy are related, and the 
precise relationship is given by Einsteins equation # = mc? (Chapter 26). Since 
the mass of a proton is 1.67262 x 10F””kg, or 1.007276 u, then 1 u ¡s equal to 


1.67262 x 10”kg 
1.007276u 


1.0000u = (10000 0)| = 1.6054 x 10” kg; 


this is equivalent to an energy (see Table inside front cover) in MeV (= 10°eV) of 


" = (1.66054 x 10? kg)(2.9979 x 10Ẻm/s}” _ J'2MaU 
lở (16022 x 10”1/eV) bò là 


Thus, 
1u = 1.6605 10 ” kg = 931.5MeV/c”. 


The rest masses of some of the baslc particles are g1ven 1n Table 30—1. As a rule 
of thumb, to remember, the masses of neutron and proton are about 1 GeV/c? 
(= 1000 MeV/c?) which is about 2000 times the mass of an electron (x šMeV/c?). 


TABLE 30-1 

Rest Masses in Kilograms, Unified Atomic Mass Units, and MeV/c2 
Mass 

Object kg u MeV/c? 

Electron 9.1094 x 1073! 0.00054858 0.51100 

Proton 1.67262 x 1077? 1.007276 938.27 

1Hatom 1.67353 x 107” 1.007825 938.78 

Neutron 1.67493 x 10777 1.008665 939.57 


Just as an electron has intrinsic spin and angular momentum quantum numbers, 
so foo do nuclei and therr consfituents, the proton and neutron. Both the proton and 
the neutron are spin š particles, just like the electron. A nucleus, made up of pro- 
tons and neutrons, has a nuclear spin quantum number, 7, that can be either Integer 
or half integer, depending on whether 1t 1s made up of an even or an odd number 
of nucleons. 


30-2 Binding Energy and Nuclear Forces 


Binding Energies 
The total mass of a stable nucleus 1s always less than the sum of the masses OÝ 1s 
Separate protons and neutrons, as the following Example shows. 


EXAMPLE 30-3 | ?He mass compared to ïts constituents. Compare the 
mass of a ?He atom to the total mass of i†s constituent particles. 


# PROBLEM SOLVING | APPROACH The ?He nucleus contains 2 protons and 2 neutrons. Tables normally 
Keep írack oƒ_ | g1ve the masses of neutral atoms——that 1s, nucleus plus 1ts Z electrons. We must 
elecirow r:4sses | therefore be sure to balance out the electrons when we compare masses. Thus we 
use the mass of 1H rather than that of a proton alone. We look up the mass 

of the 3He atom in Appendix B (it includes the mass of 2 electrons), as well as 

the mass for the 2 neutrons and 2 hydrogen atoms (= 2 protons + 2 electrons). 
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SOLUTION The mass of a neutral 3He atom, from Appendix B, is 4.002603 u. 
The mass of two neutrons and two H atoms (2 protons including the 2 electrons) is 


2mạ = 2(1/008665u) = 2.017330u 
2m(1H) = 2(1007825u) = 2.015650u 
sum =_ 4.0329S0u. 


Thus the mass of ?He ¡is measured to be less than the masses of its constituenfs 
by an amount 4.032980u — 4.002603u = 0.030377u. 


Where has this lost mass of 0.030377 u disappeared to? It must be £ = mc”. 

If the four nucleons suddenly came together to form a He nucleus, the mass 
“loss” would appear as energy of another kind (such as radiation, or kinetic 
energy). The mass (or energy) difference ¡n the case of ?He, given in energy units, 
is (0.030377u)(931.5 MeV/u) = 28.30 MeV. This difference is referred to as 
the total binding energy of the nucleus. The total binding energy represents the 
amount of energy that must be put 7o a nucleus In order to break 1t apart Into 
1s consfituents. If the mass oŸ, say, a ‡He nucleus were exactly equal to the mass 
Of two neutrons plus two protons, the nucleus could fall apart without any Input 
Of energy. To be stable, the mass of a nucleus 7s be less than that of 1ts con- 
stituent nucleons, so that energy Input ;s needed to break 1t apart. 

Bimmding energy 1s not something a nucleus has—It Is energy 1t “lacks” 
relative to the total mass Of 1fs separate consfituenIs. 

[As a comparison, we saw in Chapter 27 that the binding energy of the one 
electron in the hydrogen atom is 13.6eV; so the mass of a †H atom is less 
than that of a single proton plus a single electron by 13.6 eV/c?. The binding 
energies of nuclei are on the order of MeV, so the eV binding energies of elec- 
trons can be 1gnored. Nuclear binding energIes, compared to nuclear masses, are 
on the order of (28 MeV/4000 MeV) + 1 x 10”, where we used helium”s binding 
energy of 28.3 MeV (see above) and mass + 4 < 940 MeV + 4000 MeV.] 

EXERGISE A Determine how much less the mass of the 3Li nucleus is compared to that 
OŸ1fs constituents. See Appendix B. 

The binding energy per nucleon is defined as the total binding energy of a 
nucleus divided by 4, the total number of nucleons. We calculated above that 
the binding energy of ?He ¡s 28.3 MeV, so its binding energy per nucleon is 
28.3MeV/4 = 7.1MeV. Figure 30-1 shows the measured binding energy per 
nucleon as a function of 4 for stable nuclel. The curve rises as 4 Increases and 
reaches a plateau at about 8.7 MeV per nucleon above 4 + 40. Beyond 4 + 80, 
the curve decreases slowly, indicating that larger nucle1 are held together less tightly 
than those In the middle of the Periodic Table. We will see later that these charac- 
terisfics allow the release of nuclear energy 1n the processes Of fission and fusion. 
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number A. 
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EXAMPLE 30-4 | Binding energy for iron. Calculate the total binding energy 
and the binding energy per nucleon for 32Fe, the most common stable isotope 
OÝ Iron. 


APPROACH We subtract the mass of a 3Fe atom from the total mass of 26 hydro- 
gen atoms and 30 neutrons, all found 1n Appendix B. Then we convert mass unIfs 
to energy umits; finally we divide by 4 = 56, the total number of nucleons. 


SOLUTION ŸFe has 26 protons and 30 neutrons whose separate masses are 


26m(H) =_ (26)(1/007825u) =  26.20345u (ïincludes 26 electrons) 
30mạ =_ (30)(1.008665u) =_ 30.25995u 
sum =_  56.46340u. 
Subtract mass of Fe: = —55.93494u (Appendix B) 
Am = 0.52846 u. 


The total binding energy 1s thus 
(0.52846 u)(931.5MeV/u) = 492.226MeV 
and the binding energy per nucleon 1s 
492.26 MeV 
—=——— = 8./0MeV. 
56 nucleons 


NOTE The binding energy per nucleon graph (Eig. 30—1) peaks about here, for 
1ron. So the Iron nucleus, and 1ts neighbors, are the most stable of nucle1. 


| EXERGISE B_Determine the binding energy per nucleon for 'O. 


EXAMPLE 30-5 | Binding energy of last neutron. What ¡s the binding energy 
of the last neutron in 12C? 


APPROACH Tf '‡C lost one neutron, it would be lC. We subtract the mass of 
IC from the masses of 14C and a free neutron. 


SOLUTION Obtaining the masses from Appendix B, we have 


Mass 2C =  12.000000u 

Massjn = 1.008665u 

Total =  13.008665u. 

Subtract mass of !C: —13.003355u 
Am = 0.005310u 


which in energy is (931.5 MeV/u)(0.005310u) = 4.95 MeV. That ïs, ít would 
require 4.95 MeV input of energy to remove one neutron from !$C. 


Nuclear Forces 


We can analyze nuclei not only from the point of view of energy, but also from 
the point of view of the forces that hold them together. We might not expect a 
collection oŸ protons and neutrons to come together sponfaneously, since protfons 
are all positively charged and thus exert repulsive electric forces on each other. 
Since stable nucle1 đo stay together, another force must be acting. This new force 
has to be stronger than the electric force In order to hold the nucleus together, and 
1s called the sfrong nuclear force. The strong nuclear force acfs as an attractive 
force between all nucleons, protons and neutrons alike. Thus protons attract 
each other via the strong nuclear force at the same time they repel each other 
via the electric force. Neutrons, because they are electrically neutral, only attract 
other neutrons or protons via the strong nuclear force. 

The strong nuclear force turns out to be far more complicated than the 
gravitational and electromagnetic forces. One Important aspect of the strong 
nuclear force 1s that 1t 1s a shorf-range forcce: 1t acts only over a very short distance. 
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It is very strong between two nucleons ïf they are less than about 10m apart, 
but 1t 1s essentially zero 1f they are separated by a distance greater than this. 
Compare this to electric and gravitational forces, which decrease as 1/r” but 
confinue acting over any distances and are therefore called long-range forces. 

The strong nuclear force has some strange features. For example, 1ƒ a nuclide 
confains foo many or too few neutrons relative to the number of protons, the 
binding of the nucleons 1s reduced; nuclides that are too unbalanced 1n this 
regard are unstable. As shown In Fig. 30-2, stable nuclei tend to have the same 
number of protons as neutrons (M = Z) up to about 4 = 30. Beyond thịs, 
stable nuclel contain more neutrons than protons. This makes sense since, as Z2 
1ncreases, the electrical repulsion Increases, so a greater number of neutrons—— 
which exert only the attractive strong nuclear force——are required to maintain 
stability. For very large Z2 no number of neutrons can overcome the greatly 
Iincreased electric repulsion. Indeed, there are no completely stable nuclides 
above Z = 82. 

'What we mean by a síable nucleus 1s one that stays together indefinitely. What 
then 1s an :sfable nucleus? Ít 1s one that comes apart; and this results In radioac- 
tive decay. Before we discuss the Important subJect of radioactivity (next Section), 
we note that there 1s a second type of nuclear force that is mụch weaker than the 
strong nuclear force. It is called the weak nuclear force, and we are aware OŸ Ifs 
exIstence only because 1t shows 1fself 1n certain types of radioactive decay. These 
two nuclear forces, the strong and the weak, together with the gravitational and 
electromagnetic forces, comprise the four fundamental types of force 1n nature. 


30-3 Radioactivity 


Nuclear physics had 1ts beginnings in 1896. In that year, Henri Becquerel 
(1852-1908) made an important discovery: in his studies of phosphorescence, he 
found that a certain mineral (which happened to contain uranium) would darken 
a photographic plate even when the plate was wrapped to exclude light. It was 
clear that the mineral emitted some new kind of radiation that, unlike X-rays 
(Section 25—11), occurred without any external stimulus. This new phenomenon 
eventfually came to be called radioactivity. 

Soon after Becquerel?s discovery, Marle Curie (1867—1934) and her husband, 
Pierre Curie (1859—1906), isolated two previously unknown elements that were 
very highly radioactive (Eig. 30-3). These were named polonium and radium. 
Other radioactive elemenfs were soon discovered as well. The radioactivity was 
found In every case to be unaffected by the strongest physical and chemical 
treatments, including strong heating or cooling or the action of strong chemicals. 
lt was suspected that the source of radioactivity must be deep within the atom, 
coming from the nucleus. It became apparent that radioactivity 1s the result 
Of the disintegration or decay of an unstable nucleus. Cerfain Isofopes are not 
stable, and they decay with the emission of some type of radiation or “rays.” 

Many unstable I1sotopes occur In nature, and such radioactivity 1s called 
“natural radioactivity.” Other unstable 1sotopes can be produced In the laboratory 
by nuclear reactions (Section 31—1); these are said to be produced “artificially” 
and to have “artificial radioactivity.” Radioactfive 1sotopes are sometimes referred 
to as radioisofopes or radionuclides. 

Rutherford and others began studying the nature of the rays emitted in 
radioactfivity about 1898. They classified the rays Into three distinct types accord- 
ng to their penetrating power. One type of radiation could barely penetrate a 
plece of paper. The second type could pass through as much as 3 mm of aluminum. 
The third was extremely penetrating: 1t could pass through several centimeters 
of lead and still be detected on the other side. They named these three types of 
radiation alpha (œ), beta (6), and gamma (7), respectively, after the first three 
letters of the Greek alphabet. 
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FIGURE 30-2 Number of neutrons 
versus number of protons for stable 
nuclides, which are represented by dots. 
The straight line represents ) = Z. 


FIGURE 30-3 Marie and Pierre 
Curie in their laboratory (about 
1906) where radium was discovered. 
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Each type of ray was found to have a different charge and hence 1s bent dif- 
ferently in a magnetic field, Fig. 30-4; œ rays are posifively charged, 6 rays are 
negatively charged, and 7 rays are neutral. It was soon found that all three types 
Of radiation consisted of familiar kinds of particles. Gamma rays are very high- 
energy ?hofons whose energy 1s even higher than that of X-rays. Beta rays were 
found to be identical to efecfrons that orbit the nucleus, but they are created 
within the nucleus itself. Alpha rays (or œ particles) are simply the nuclei of 
heliưn atoms, 3He; that 1s, an œ TAY COnSISfS Of twO protons and two neufrons 
bound together. 

We now discuss each of these three types of radioactivity, or decay, In more 
đetaIl. 


30-4 Alpha Decay 


Experiments show that when nuclei decay, the number of nucleons (= mass 
number 4) is conserved, as well as electric charge (= Z⁄e). When a nucleus emits 
an ø particle (3He), the remaining nucleus will be different from the original: it 
has lost two protons and two neutrons. Radium 226 (”4Ra), for example, is an 
œ emitter. It decays to a nucleus with Z = 88 — 2 = 86 and A = 226 - 4 = 222. 
The nucleus with Z = 86 ¡s radon (Rn)—see Appendix B or the Periodic Table. 


Thus radium decays to radon with the emIssion of an œ particle. This 1s written 
2Ra —> ^zRn + 7He. 


See Fig. 30-5. 

When ø decay occurs, a different element 1s formed. The daughter nucleus 
(2Rn in this case) is đifferent from the parenf nucleus ('§Ra in this case). This 
changing of one element into another 1s called transmutafion of the elements. 

Alpha decay can be written in general as 

£N — 2-‡N' + ZHe [œ decay] 
where 1s the parent, N” the daughter, and Z4 and 4 are the atomic number and 
atomic mass number, respecfively, of the parent. 


EXERGISE € li4Dy decays by œ emission to what element? (2) Pb, (b) Gd, (c) Sm, 
(đ) Er, (e) Yb. 


Alpha decay occurs because the strong nuclear force 1s unable to hold very 
large nuclel together. The nuclear force 1s a short-range force: It acfs only 
between neighboring nucleons. But the electric force acts all the way across a 
large nucleus. For very large nucle1, the large Z2 means the repulsive electric Íorce 
becomes so large (Coulomb”s law) that the strong nuclear force 1s unable to hold 
the nucleus together. 


Nuclear Physics and Radioactivity 


We can express the Instability of the parent nucleus In terms of energy (Or 
mass): the mass of the parent nucleus ¡is preater than the mass of the daughter 
nucleus plus the mass of the œ particle. The mass difference appears as kinetic 
energy, which 1s carried away by the ø particle and the recoiling daughter nucleus. 
The total energy released 1s called the đisintegration energy, Q, or the @-value 
of the decay. From conservation Of energy, 


Mpẹc” = Mpạc” + mục + Q. 
where @ equals the kinetic energy of the daugphter and ø particle, and ÄMp, Míp, 
and ?„ are the masses of the parent, daughter, and œ particle, respectively. Thus 
Q = Mẹc?— (Mp + my) KP: (30-2) 


TỶ the parent had /ess mass than the daughter plus the œ particle (so @ < 0), the 
decay would violate conservation of enersy. Such decays have never been 
observed, another confirmation of this preat conservation law. 


EXAMPLE 30-6 | Uranium decay energy release. Calculate the dđisintepra- 
tion energy when ”3U (mass = 232.037156 u) decays to “)Th (228.028741 u) 
with the emission of an œ particle. (As always, masses øiven are for neutral atoms.) 


APPROACH We use conservation of energy as expressed in Eq. 30-2. ?5U is the 
parent, Z)Th is the daughter. 

SOLUTION Since the mass of the 3He is 4.002603 u (Appendix B), the total 
mass In the fimnal state (mạ + mục) 1S 


228.028741u + 4.002603u = 232.031344u. 
The mass lost when the ?5U decays (mụ — mạ — mụ,) 1s 

232.037156u — 232.031344u = 0.005812u. 
Because 1u = 931.5 MeV, the energy Ó released 1s 

Ø@ = (0.005812u)(931.5MeV/u) = 5.4MeV 


and this energy appears as kinetic energy of the œ particle and the daughter 
nucleus. 


Additional Example 


EXAMPLE 30-7 | Kinetic energy of the œ in “2U decay. For the *ZU decay 
of Example 30—6, how much of the 5.4-MeV disintegration energy wIll be carried 
Ooff by the œ particle? 


APPROACH In any reaction, momentum must be conserved as welÏ as energy. 


SOLUTION Before disintegration, the nucleus can be assumed to be at rest, sO 
the total momentum was zero. After disintegration, the total vector momentum 
must still be zero so the magnitude of the ø particle's momentum must equal 
the magnitude of the daughter”s momentum (Eig. 30—6): 

<"1„UÙ„ — TpDtp. 


Thus ø„ = 7mp 0p/m„ and the œs kinetic enerøy is 


—Ä 2 1 (2>) 1 b9) — (=>) 
KE„ - 2Tf1„ 1a c— 2114 = 2f'p b = KEp 
tự H„ Hy 
— (2 u - 
4.002603u = Và 


The total disintegration energy 1s @ = KE„ + KEp = 57KEp + KEp = 58KEp. 
Hence 


7 
s0 = 53MeV. 


The liphter œ particle carries off (57/58) or 98% of the total kinetic enersy. The 
total energy released 1s 5.4 MeV, so the daughter nucleus, which recoils in the 
Opposite direction, carries off only 0.1 MeV. 


KE„ = 57KEp = 


œ Daughter 
particle nucleus 
: h 
HyÝ„y 1nÝŸp 


FIGURE 30-6 Momentum 
conservation in Example 30-7. 
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€@pHvsics APPLIED 
Smoke đetector 


$*CAUTION 


B-đdecay e~ comes from nucleus 
(it is not an orbital electron) 


Why œơ Particles? 

Why, you may wonder, do nuclei emit this combination of four nucleons called 
an œ particle? Why not Just four separate nucleons, or even one? 'The answWer 1s 
that the œ particle 1s very strongly bound, so that 1(s mass 1s sipmificantly less than 
that of four separate nucleons. That helps the final state in œ decay to have less 
total mass, thus allowing certain nuclides to decay which could not decay to, 


say, 2 protons plus 2 neutrons. For example, ”U could not đecay to 2p + 2n 


because the masses of the daughter “21h plus four separate nucleons is 
228.028741u + 2(1.007825u) + 2(1.008665u) = 232.061721u, which 1s greater 
than the mass of the 5U parent (232.037156 u). Such a decay would violate the 
conservation of energy. Indeed, we have never seen ”U -—> ”2J1h + 2p + 2n. 
Similarly, 1t 1s almost always true that the emission of a single nucleon 1s energef- 


1cally not possible; see Example 30—5. 


Smoke Detectors—An Application 


One widespread application of nuclear physics 1s present in nearly every home In 
the form of an ordinary smoke defector. One type of smoke detector confains 
about 02mg of the radioactive americium ¡sotope, 2S4Am, in the form of 
Am©O;. The radiation continually ionizes the nitrogen and oxygen molecules in 
the alr space between two oppositely charged plates. The resulting conductivity 
allows a small steady electric current. If smoke enters, the radiation 1s absorbed 
by the smoke particles rather than by the air molecules, thus reducing the current. 
The current drop 1s detected by the device”s electronics and sets off the alarm. 
The radiation dose that escapes from an 1ntact americium smoke detector 1s much 
less than the natural radioactive background, and so can be considered relatively 
harmless. There 1s no question that smoke detecfors save Ïlives and reduce property 
damage. 


30-5 Beta Decay 


B_ Dccay 

Transmutation of elements also occurs when a nucleus decays by @ decay——that 
is, with the emission of an electron or 8 particle. The nucleus '4C, for example, 
emits an electron when 1t decays: 


!C —> N +eF + neutrimo, 


where e_ 1s the symbol for the electron. The particle known as the neutrino has 
charge g = 0 and a very small mass, long thought to be zero. It was not Imtially 
detected and was only later hypothesized to exist, as we shall discuss later im this 
Section. No nucleons are lost when an electron 1s emitted, and the total number 
Of nucleons, 4, 1s the same 1n the daughter nucleus as 1n the parent. But because 
an electron has been emitted from the nucleus 1tself, the charge on the daughter 
nucleus 1s +1 greater than that on the parent. The parent nucleus 1n the decay 
written above had Z = +6, so from charge conservation the nucleus remaining 
behind must have a charge of +7e. So the daughter nucleus has Z = 7, which 1s 
TIfrOøen. 

lt must be carefully noted that the electron emrtted in 6 decay 1s of an orbital 
electron. Instead, the electron 1s created +0ihin the nucleus ifselƒ. What happens 1s 
that one of the neutrons changes to a proton and in the process (to conserve 
charge) emits an electron. Indeed, free neutrons actually do decay in this fashion: 


n >p+e + neutrino. 


To remind us of thelr origin in the nucleus, the electrons emitted In 8 decay are 
often referred to as “8 particles.” They are, nonetheless, Indistinguishable from 
orbital electrons. 
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EXAMPLE 30-8 | Energy release in '2C decay. How much energy is released 
when l4C decays to !‡N by / emission? 


APPROACH We find the mass difference before and after decay, Az. The energy 
released is # = (Azn)c”. The masses given in Appendix B are those of the neutral 
atom, and we have to keep track of the electrons involved. Assume the parent 
nucleus has six orbiting electrons so 1t 1s neutral; 1ts mass 1s 14.003242u. The 
daughter in this decay, ⁄ÝN, is not neutral because it has the same six orbital elec- 
trons circling 1t but the nucleus has a charge of +7. However, the mass of this 
daughter with its six electrons, plus the mass of the emitted electron (which makes 
a total of seven electrons), 1s Just the mass of a neutral nitrogen atom. 


SOLUTION The total mass in the final state 1s 


(mass of !ƒN nucleus + 6 electrons) + (mass of 1 electron), 
and this 1s equal to 
mass of neutral !N (includes 7 electrons), 


which from Appendix B 1s a mass of 14.003074u. So the mass difference 1s 
14.003242u — 14.003074u = 0.000168u, which 1s equivalent to an energy 
change Az cˆ = (0.000168 u)(931.5 MeV/u) = 0.156 MeV or 156 keV. 


NOTE The neutrino doesn't contribute to either the mass or charge balance 
because 1t has ø = 0 and + 0. 


According to Example 30—8, we would expect the emitted electron to have a 
kinetic energy of 156 keV. (The daughter nucleus, because 1ts mass is very much 
larger than that of the electron, recoils with very low velocity and hence gefts very 
litle of the kinetic energy——see Example 30-7.) Indeed, very careful measure- 
ments indicate that a few emitted 6 particles do have kinetic energy close to this 
calculated value. But the vast majority of emitted electrons have somewhat less 
energy. In fact, the energy of the emitted electron can be anywhere from zero up 
to the maximum value as calculated above. This range of electron kinetic energy 
was found for any Ø8 decay. It was as 1ƒ the law OŸ conservation of enerøy Was 
being violated, and Bohr actually considered this possibility. Careful experimenfts 
Iindicated that linear momentum and angular momentum also did not seem to be 
conserved. Physicists were troubled at the prospect of giving up these laws, which 
had worked so well in all previous situations. 

In 1930, Wolfeang Pauli proposed an alternate solution: perhaps a new parti- 
cle that was very difficult to detect was emitted during 8 decay In addition to the 
electron. This hypothesized particle could be carrying off the energy, momentum, 
and angular momentum required to maintain the conservation laws. This new 
particle was named the neufrino—meaning “little neutral one”——by the great 
ltalian physicist Enrico Fermi (1901—1954; Hig. 30-7), who in 1934 worked out 
a detailed theory of 8 decay. (It was Fermi who, In this theory, postulated the 
existence of the fourth force in nature which we call the +0eak nuclear ƒorce.) The 
neutrino has zero charge, spin of ;#, and was long thought to have Zero mass, 
although today we are quite sure that it has a very tiny mass (< 0.14 eV/c?). If its 
mass were zero, it would be much like a photon 1n that 1t 1s neutral and would 
travel at the speed of light. But the neutrino 1s very difficult to detect. In 1956, 
complex experiments produced further evidence for the existence of the neutrino; 
but by then, most physIcists had already accepted 1ts exIstence. 

The symbol for the neutrino 1s the Greek letter nu (1). The correct way of 
writing the decay of 14C is then 


lC  > ỨN+e + 
The bar (ˆ) over the neutrino symbol is to indicate that it is an “antineutrino.” 


(Why this is called an antineutrino rather than simply a neufrino 1s discussed In 
Chapter 32.) 


@©cAurion 
Be careƒul tuith atomic and electron 
masses in B decay 


USA Enrico 
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FIGURE 30-7 Enrico Fermi, as 
portrayed on a US postage stamp. 
Fermi contributed significantly to 
both theoretical and experimental 
physics, a feat almost unique in 
modern times: statistical theory of 
1dentical particles that obey the 
exclusion principle (= fermion§); 
theory of the weak Interaction and 
Ø decay; neutron physics; induced 
radioactivity and new elemenits; first 
nuelear reactor; first resonance of 
particle physics; led and inspired a 
vast amount of other nuclear 
research. 
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In Ø decay, 1t 1s the weak nuclear force that plays the crucial role. The neu- 
trino 1s unique 1m that 1t Interacts with matter only via the weak force, which 1s 
why If 1s so hard to detect. 


B Decay 

Many 1sotopes decay by electron emission. They are always 1sotopes that have 
too many neutrons compared to the number of protons. That 1s, they are 1SOtOpes 
that lie above the stable 1sotopes plotted 1n Fig. 30-2. But what about unstable 
1sofopes that have too few neutrons compared to therr number of protons—— 
those that fall below the stable 1sotopes of Fig. 30—2? These, 1t turns out, decay by 
emitting a posifron instead of an electron. A positron (sometimes called an e” or 
B” particle) has the same mass as the electron, but it has a positive charge of + 1e. 
Because 1f 1s so like an electron, except for 1ts charge, the positron 1s called the 
anfiparticle” to the electron. An example of a @* decay is that of JạNc: 


lNe —> !F + e' +, 
where e* stands for a positron. Note that the z emitted here is a neutrino, 
whereas that emitted n 8 decay 1s called an antineutrino. Thus an antlelectron 
(= positron) is emitted with a neutrino, whereas an anfineutrino 1s emifted with 


an electron; this ø1ves a certain balance as discussed in Chapter 32. 
We can write 8ˆ and 8” decay, in general, as follows: 


£N >4.N +e + [Ø8 decay] 
£N >2 ¡N +e* +ừ, [Ø” decay] 


where Ñ 1s the parent nucleus and Ñ' 1s the daughter. 


Electron Capture 


Besides 8ˆ and @” emission, there is a third related process. This is elecfron 
capture (abbreviated EC in Appendix B) and occurs when a nucleus absorbs one 
of its orbiting electrons. An example ¡s ¿Be, which as a result becomes 2Li. The 
DTOC€SS 1S WrIften 


2Be + e" —> ;LI + %, 
Or, 1n general, 
ẨN+e >2 ¡N +. [electron capture] 


Usually it is an electron In the innermost (K) shell that 1s captured, in which case 
the process 1s called K-capture. The electron disappears in the process, and a 
proton In the nucleus becomes a neufron; a neutrino 1s emitted as a result. This 
process is Inferred experimentally by detection of emitted X-rays (due to other 
electrons jumping down to fill the state of the captured e'). 


30-6 Gamma Decay 


Gamma rays are photons having very hiph energy. They have their origin In the 
decay of a nucleus, much like emission of photons by excited atoms. Like an 
atom, a nucleus 1fself can be In an excited state. When 1t jumps down to a lower 
energy state, or to the øround sfate, 1t emits a photon which we call a 7 ray. The 
pOossible states of a nucleus are much farther apart 1n energy than those of an atom: 
on the order of keV or MeV, as compared to a few eV for electrons 1n an atom. 
Hence, the emitted photons have energles that can range from a few keV to 
several MeV. For a given decay, the ray always has the same energy. Since a 
7 ray carries no charge, there 1s no change 1n the element as a result of a  decay. 

How does a nucleus øet Into an excited state? It may occur because oŸ a VIO- 
lent collision with another particle. More commonly, the nucleus remaining after 
a previous radioactfive decay may be In an excited state. A typical example 1s shown 
TDiscussed in Chapter 32. Briefly, an antiparticle has the same mass as its corresponding particle, but 


opposite charge. A particle and its antiparticle can quickly annihilate each other, releasing energy 
in the form of two 7 rays: e” + e” —> 27. 
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in the energy-level điagram of Eig. 30-8. 12B can decay by / decay directly to the 

ground state of '4C; or it can go by Ø decay to an excited state of !C, written '2C”, 

which itself decays by emission of a 4.4-MeV 7 ray to the ground sfate of 'C. 
We can wrIte Y decay as 


ẬN* —> ŸN + Ý, [7 decay] 


where the asterisk means “excited state” of that nucleus. 

'What, you may wonder, is the difference between a 7 ray and an X-ray? They 
both are electromagnetic radiation (photons) and, though 7 rays usually have 
higher energy than X-rays, their range of energles overlap to some extent. The 
difference 1s not Intrinsic. We use the term X-ray 1ƒ the photon 1s produced by an 
electron-atom Interaction, and 7 ray 1f the photon 1s produced In a nuclear prOcess. 


*Jsomers; Internal Conversion 


In some cases, a nucleus may remain In an excited sfate for some time before 1t 
emits a 7 ray. The nucleus 1s then said to be in a metasfable síafe and 1s called an 
isomer. 

An excited nucleus can sometimes return to the ground state by another 
process known as infernal conyersion with no 7 ray emitted. In this process, the 
excited nucleus 1nteracts with one of the orbital electrons and eJects this electron 
from the atom with the same kinetic energy (minus the binding eneregy of the 
electron) that an emitted 7 ray would have had. 


30—Z Conservation of Nucleon Number 
and Other Conservation Laws 


In all three types of radioactive decay, the classical conservation laws hold. 
Enersy, linear momentum, angular momentum, and electric charge are all 
conserved. These quantifles are the same before the decay as after. But a new 
conservation law is also revealed, the law of conservafion of nucleon number. 
According to this law, the total number of nucleons (4) remains constant in any 
process, although one type can change into the other type (protons into neutrons 
or vice versa). This law holds in all three types of decay. [In Chapter 32 we will 
generalize this and call it conservation of baryon number.] 
Table 30—2 gIives a summary of ø, 6, and 7 decay. 


30-8 Half-Life and Rate of Decay 


A macroscopIc sample of any radioacfive Isotope consists of a vast number of 
radioacfive nuclei. These nuclei do not all decay at one time. Rather, they decay 
one by one over a period of time. This 1s a random process: we can not predict 
exactly when a g1ven nucleus will decay. But we can determine, on a probabilistic 
basis, approximately how many nuclei in a sample wIll decay over a ø1ven time 
period, by assuming that each nucleus has the same probability of decaying 1n 
each second that 1t exIsts. 

The number of decays AN that occur In a very short time Inferval Aí 1s then 
proportional to A7 and to the total number of radioactive (parent) nuclei 
pTr€sent: 

AN = -ÀN Ai (30-3a) 
where the minus sign means Ả 1s decreasing. We rewrite this to get the rafe of 
decay (number of decays per second): 

AN 

Af 
In these equations, À 1s a measurable constant called the decay constant, which 
1s different for different 1sotopes. The greater À 1s, the greater the rate 
of decay, AN/Aí/, and the more “radioactive” that isotope is said to be. 


= —ÀN, (30—-3b) 


6 (9.0MeV) 


lỆC* 
- (4.4 MeV) 
lC 


FIGURE 30-8 Enersy-level diapram 
showing how l‡#B can decay to the 
øround state of 14C by Ø decay 

(total energy released = 13.4 MeV), 
Or can instead Ø decay to an excited 
state of 12C (indicated by *), which 
subsequently decays to 1ts øround 
state by emitting a 4.4-MeV 7 ray. 


B 
(13.4 MeV) 


TABLE 30-2 The Three 
Types of Radioactive Decay 


7 decay: 
ZN* > /N+7 


TElectron capture. 
*Indicates the excited state of a nucleus. 
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FIGURE 30-9 Radioactive nuclei O O©e.- @ : 
egend 


decay one by one. Hence, the @ @ @ 
number of parent nuclei in a sample Q @ sa Q “vÃ o © “wêi @ ác BỊ 
paren 


1s continually decreasing. When a 


!C nucleus emits an electron (b), @ @ @ @ Q @ @ Q CÐ 1N atom 


14 @ . 
the nucleus becomes a '7N nucleus. ®) Q @ Q e ` Q (daughter) 


Another decays ïn (c). 
(a) (b) (c) 


The number of decays that occur In the short time Interval Af 1s designated AM 
because each decay that occurs corresponds to a decrease by one In the number /W 
OŸ parent nuclei present. That 1s, radioactive decay 1s a “one-shot” process, Eig. 30—9. 
Once a particular parent nucleus decays Info 1ts daughter, 1t cannot do 1t again. 


Exponential Decay 
Equation 30-3a or b can be solved for Ấ (using calculus) and the result is 


N= Nế” (30-4) 


where Ä\ 1s the number of parent nuclei present at any chosen time í = 0, and ý 
1s the number remaining after a time /. The symbol e 1s the natural exponential 
(encountered earlier in Sections 19—6 and 21—12) whose value 1s  = 2.718---. 
Thus the number of parent nuclei in a sample decreases exponentially In time. 
This is shown in Fig. 30—10a for the decay of !4C. Equation 30-4 ¡s called the 
radioacfive decay law. 


4.0 x 1010 
> ẤWMwR€Œ1.0x 1022) : 
'# kế) 
3 2 
š š 
9 5 
s ® 
sụ Ề 
” Bì 
5 s 
5 Š 
Z0 1 laÌ 0 1 
0 5730 11,460 17,190 0 5730 11,460 17,190 
Time, / (yr) Time, £ (yr) 


(a) (b) 
FIGURE 30-10 (a) The number of parent nuclei in a given sample of 14C decreases exponentially. 
We assume a sample that has ẤM; = 1.00 x 10” nuclei. (b) The number of decays per second also 
decreases exponentially. The half-life of l4C is 5730 yr, which means that the number of parent 
nuclei, W, and the rate of decay, AN/Af, decrease by half every 5730 yr. 


The number of decays per second, or decay rafe #, is the magnitude of AN/Aí, 
and 1s also called the acfivity of the sample. The magnitude (always positIve) of a 
quantity is often indicated using vertical lines. The magnitude of AN/Af is written 
|AN/Aí| and ít is proportional to  (see Eq. 30-3b). So it too decreases expo- 
nentially in time at the same rate (Fig. 30—10b). The activity of a pure sample at 
time í 1s 
AN 

Af 
where #8 = |AN/Afls is the activity at £ = 0. 

Equation 30-5 is also referred to as the radioacfive decay law (as 1s 

Eq. 30-4). 
Half-Life 
The rate of decay of any 1sotope 1s often specified by giving 1ts “half-life” rather 


than the decay constant À. The half-life of an isotope 1s defined as the time 1t 
takes for half the original amount oŸ parent isotope 1n a given sample to decay. 


R= | = Re”, (30-5) 
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For example, the half-life of !4C is about 5730 years. If at some time a piece of 
petrified wood contains, say, 1.00 < 10” nuclei of 4C, then 5730 years later it 
will contain half as many, 0.50 x 10” nuclei. After another 5730 years it will 
contain 0.25 x 10” nuclei, and so on. This is shown in Eig. 30—10a. Since the rate 
of decay AN/Aí is proportional to , it, too, decreases by a factor of 2 every 
half-life (Fig. 30—10b). 

The half-lives of known radioactive isotopes vary from very short (+ 10” s) 
to more than 10”®yr(>109s). The half-lives of many isotopes are given 
in Appendix B. I( should be clear that the half-life (which we designate 7!) 
bears an Inverse relationship to the decay constant. The longer the half-life of an 
1sotope, the more slowly 1t decays, and hence À 1s smaller. Conversely, very actIve 
Isotopes (large À) have very short half-lives. The precise relationship between 
half-life and decay constant 1s 

In2 0.693 


Tì = = 30—6 
: Ầ PT ( ) 


We derive this in the next (optional) subsection. 


EXERCISE D The half-life of 17Na is 2.6 years. How much ƒƒNa will be left of a pure 1.0-ug 
sample after 7.8 yr? (4) None. (b) š wg. (c) + wg. (4) ÿ mg. (e) 0.693 mg. 


EXERCISE E Return to the Chapter-Opening Question, page 857, and answer it again 
now. Try to explain why you may have answered differently the first time. 


* Deriving the Half-Life Formula 
We can derive Eq. 30-6 starting from Edq. 30-4 by setting NÑ = M2 at f = Ta. 


2: = Me *5 
SO 

= e3) 

2 
and 

`. 2 


cc 39 


We take natural logs of both sides (“ln” and “e” are inverse operations, meaning 
In(e*) = x) and fnd 
In(e?) = In2, 
SO 
ÀTfi = In2 = 0.4693 
and l 
In2 0.693 


Tì = = 
2 À À 


which 1s Eq. 30-6. 


*Mean LiÍe 
Sometimes the mean life 7 of an isotope is quoted, which ¡is defined as 7 = 1/À. 
Then Eq. 30-4 can be writen W = Nạe “, just as for #C and LR circuits 
(Chapters 19 and 21 where 7 was called the time consftant). The mean life of an 
Isotope is then given by (see also Eq. 30—6) 


1 1) 
# E nn [mean life] (30-7) 
The mean life and half-life differ by a factor of 0.693, so confusing them can cause Á&® CAUTION 
serious error (and has). The radioactive decay law, Eq. 30-5, can then be written Do not confse 
as Ñ= Re", hal†-life and mean liƒe 
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30-9 Calculations Involving Decay 
Rates and Half-Life 


Let us now consider Examples of what we can determine about a sample of 
radioactive material if we know the half-life. 


EXAMPLE 30-9 | Sample activity. The isotope !4C has a half-life of 5730 yr. 
If a sample contains 1.00 x 10” carbon-14 nuclei, what is the activity of the 
sample? 

APPROACH We first use the half-life to find the decay constant (Eq. 30-—6), 


and use that to fnd the activity, Eq. 30—3b. The number of seconds 1n a year 1s 
(60)(60)(24)(3653) = 3.156 x 107s. 


SOLUTION The decay constant À from Eq. 30~6 1s 


0.693 0.693 
Xe “e _ : =0 9v. 
1ì (5730 yr)(3.156 x 10” s/yr) 
From Eqs. 30—3b and 30—5, the actIvity or rate of decay 1s 
AN 
 = | TH (3.83 x 10ˆ12s ”)(1.00 x 10”) = 3.83 x 10! decays/s. 


Notce that the graph of Eig. 30—10b starts at this value, corresponding to the 
original value of W = 1.0 x 10” nuclei in Eig. 30—10a. 

NOTE The unit “decays/s” is often written simply as s! since “decays” is not a 
unit but refers only to the number. This simple unit of activity 1s called the 
becquerel: 1 Bq = 1 decay/s, as discussed in Chapter 31. 


CONCEPTUAL EXAMIPLE 30-10 | Safety: Activity versus half-life. One 


might think that a short half-hfe material 1s safer than a long half-life material 
because 1t wIll not last as long. Is that true? 


RESPONSE No. A shorter half-life means the activity is hipher and thus more 
“radioactive” and can cause more biological damage. In contrast, a longer half-life 
for the same sample size V means a lower activity but we have to worry about If 
for longer and find safe storage until it reaches a safe (Iow) level of activIty. 


A sample of radioactive !N. A laboratory has 1.49 ug 
of pure N, which has a half-life of 10.0 min (600 s). (z) How many nuclel are 
present initially? (b) What is the rate of decay (activity) Initially? (c) What 1s the 
activity after 1.00 h? (đ) After approximately how long will the activity drop to less 
than one per second (= 1s 1)? 

APPROACH We use the definiion of the mole and Avogadro's number 
(Sections 13—6 and 13-8) to find () the number of nuclei. For (5) we get À from 
the given half-life and use Eq. 30-3b for the rate of decay. For (c) and (đ) we 
use Eq. 30-5. 

SOLUTION (2z) The atomic mass is 13.0, so 13.0 g wïll contain 6.02 x 10 nuclei 
(Avogadro's number). We have only 1.49 x 10 °g, so the number of nuclei Nụ 
that we have 1mtially 1s given by the ratio 


M —. L7 3 10°g 
6.02 x 10 130g _ 

Solving for Nụ, we find Nụ = 6.90 x 10!°nuclei. 

(b) From Edq. 30-6, 
ÀA = 0693/71 = (0.693)/(600s) = 1.155 x 10s †, 

Then, at £ = 0 (see Eqs. 30-3b and 30-5) 

AN 

Ñƒ ly 


Rạ = | ÀN; = (1.155 x 10 3s ?)(6.90 x 1015) = 7.97 x 101 decays/s. 


(c) After 1.00h = 3600 s, the magnitude of the activity will be (Eq. 30-5) 
R = Rụ TM = (7.97 x 1013 s1) ¿(1155x107 s(3600s) —_ 1.25 x 10121, 
(đ)We want to determine the time £ when # = 1.00s"1. From Eq.30—5, we have 


R 1.00 s7 
ckM== —— = 125 x 101, 
ÑRy  797X105s 


We take the natural log (In) of both sides (In * = —À/) and divide by À to find 


In(1.25 x 10”) 


f À = 773 .lÿS = 7 HJÌt 


Easy Alternate Solution to (c) 1.00h = 60.0 minutes ¡s 6 half-lives, so the 


activity will decrease to (5)(5)()(5)()G) = (35)° = ái of its original value, or 
(7.97 x 10)/(64) = 1.25 x 10! per second. 


30-10 Decay Series 


lt 1s often the case that one radioactive 1sotope decays to another 1sotope that 1s 
also radioactive. Sometimes this daughter decays to yet a third 1sotope which also 
1S radioactive. Such successive decays are said to form a decay series. An important 
example is illustrated in Eig. 30-11. As can be seen, “ŸU decays by œ emission to 
?⁄4Th, which in turn decays by Ø decay to ”3‡Pa. The series confinues as shown, 
with several possible branches near the bottom, ending at the stable lead 1sotope, 


?SPb. The two last decays can be 


2TỊ —› Pb +e +, (T¡ = 42mm) 
OT 
219Po —> “ộPb + ơ. (Tị = 138days) 


Other radioactive serles also exIst. 


A 
238 


234 


230 


226 


222 


218 


5 V4 
§142mn§2 §3 84 85 S6 87 88 89 90 9Ị 92 
TI Pb Bi Po At Rn Fr Ra Ác Th Pa U 


FIGURE 30-11 Decay series 
beginning with “ÿU. Nuclei in the 
Serles are specifled by a dot 
represenfing 4 and Z values. 
Half-lives are given in seconds (s), 
minutes (min), hours (h), days (d), 
or years (yr). Note that a hor1zontal 
arrow represents Ø decay (A does 
not change), whereas a diagonal line 
represenfs z decay (4 changes by 4, 
Z changes by 2). For the four 
nuclides shown that can decay by 
both œ and 6 decay, the more 
prominent decay (in these four 
cases, >99.9%) is shown as a solid 
arrow and the less common decay 
(<0.1%) as a dashed arrow. 
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Because of such decay serles, certain radioactive elements are found In 
nature that otherwise would not be. When the solar system (including Earth) 
was formed about Š billion years ago, 1t 1s believed that nearly all nuclides were 
present, having been formed (by fusion and neufron capture, Sections 31—3 and 
33—2) in a nearby supernova explosion (Section 33-2). Many isotopes with short 
half-lves decayed quickly and no longer are detected ím nature today. But 
long-lived isotopes, such as “šU with a half-life of 4.5 x 10”yr, still đo exist in 
nature today. Indeed, about half of the original “ŠU still remains. We might 
expect, however, that radium (?4§Ra), with a half-life of 1600 yr, would have 
disappeared from the Earth long ago. Indecd, the original “Ra nuclei must 
by now have all decayed. However, because “3U decays (in several steps, 
Hg. 30—11) to “Ra, the supply of ”§Ra ¡s continually replenished, which is why 
1f 1S stll found on Earth today. The same can be said for many other radioactive 
nuclides. 


CONCEPTUAL EXAMIPLE 30-12 | Decay chaiïn. In the decay chain of 


Hg. 30-11, if we look at the decay of *#U, we see four successive nuclides with 
half-lives of 250,000 yr, 75,000 yr, 1600 yr, and a little under 4 days. Each decay 
1n the chain has an alpha particle of a characteristic energy, and so we can 
momitor the radioactive decay rate of each nuclide. Given a sample that was 
pure ”32U a million years ago, which alpha decay would you expect to have the 


hiphest acfivity rate In the sample? 


RESPONSE The first mstinct is to say that the process with the shortest half- 
life would show the highest activity. Surprisingly, perhaps, the activitles of the 
four nuclides In this sample are all the same. The reason 1s that In each case the 
decay of the parent acfs as a bottleneck to the decay of the daughter. Compared 
to the 1600-yr half-life of ”2ýRa, for example, its daughter ”2Rn decays almost 
Iimmediately, but it cannot decay until it is made. (This is like an automobile 
assembly line: 1ƒ worker A takes 20 minutes to do a task and then worker B 
takes only 1 minute to do the next task, worker B still does only one car every 
20 minutes.) 


30-l] Radioactive Dating 


Radioactive decay has many Interesting applications. One 1s the technique of 

radioacHue dating by which the age oŸ anclent materials can be determined. 
The age of any obJect made from once-living matter, such as wood, can be 
@® PHYSICS APPLIED determined using the natural radioactivity of !4C. AlI living plants absorb carbon 
Carbon-14 dating — đioxide (CO?) from the air and use It to synthesize organic molecules. The vast 
majority of these carbon atoms are !2C, but a small fraction, about 1.3 x 10''3, 
is the radioactive isotope !4C. The ratio of !4C to !2C in the atmosphere has 
remained roughly constant over many thousands of years, 1n spIte of the fact that 
!ÁC decays with a half-life of about 5730 yr. This is because energetic nuclei in the 
cosmc radiation, which impinges on the Earth from outer space, strike nucle1 of 
atoms In the atmosphere and break those nucleli Into pleces, releasing free 
neufrons. Those neutrons can collide with mtrogen nucle1 in the atmosphere to 
produce the nuclear transformation n + !N —> !C +p. That is, a neutron 
strikes and ¡is absorbed by a !?N nucleus, and a proton is knocked out in the 
process. The remaining nucleus is 'C. This continual production of l4C in the 

atmosphere roughly balances the loss of !4C by radioactive decay. 

As long as a plant or tree 1s alive, 1t continually uses the carbon from carbon 
dioxide 1n the air to build new tissue and to replace old. Animals eat plants, so 
they too are confinually receiving a fresh supply of carbon for thelr tissues. 
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Organisms cannot distinguish” 14C from 'C, and because the ratio of !4C to 1C 
1n the atmosphere remains nearly constant, the ratio of the two 1sotopes within 
the living organism remains nearly constant as well. When an organism dies, 
carbon dioxide is no longer taken in and utilized. Because the !C decays 
radioactively, the ratio of 14C to '4C in a dead organism decreases over time. The 
half-life of !4C ¡is about 5730 yr, so the !4C/!C ratio decreases by half every 
5730 yr. If, for example, the !4C/!2C ratio of an ancient wooden tool is half of 
what If 1s In living trees, then the obJect must have been made from a tree that 
was felled about 5730 years ago. 

Actually, corrections must be made for the fact that the !4C/!2C ratio in the 
atmosphere has not remained precisely constant over time. The determination of 
what this ratio has been over the centuries has required techniques such as com- 
paring the expected ratio to the actual ratio for obJects whose age 1s known, such 
as very old trees whose annual rings can be counted reasonably accurately. 


EXAMPLE 30-13 | An ancient animail. The mass of carbon in an animal bone 
frasment found m an archeological site 1s 200 ø. If the bone regIsters an acfIvity 


APPROACH First we determine how many l4C atoms there were in our 200-g 
sample when the animal was alive, given the known fraction of !4C to !C, 
1.3 x 10”. Then we use Eq. 30-3b to find the activity back then, and Eq. 30—5 
to find out how long ago that was by solving for the time í. 

SOLUTION The 200g of carbon is nearly all 'ƒC; 12.0g of 'ƒC contains 
6.02 x 102 atoms, so 200 ø contains 


= x 10 atoms/mol 


200 =_ 1.00 x 10” atoms. 
12.0 g/mol Ì 8) phong 


When the animal was alive, the ratio of !4C to l2C in the bone was 1.3 x 10”. 
The number of 14C nuclei at that time was 
ÑW = (100 x 108atoms)(1.3 x 10) = 1.3 x 102atoms. 


From Edq. 30-3b with À = 3.83 x 10'!^s ! (Example 30-9) the magnitude of 
the activity when the animal was still alive (f = 0) was 


AN 
T2 [ly | E-ÀN + (383 x 10”š 13410”) = 50s”. 
0 
From Edq. 30—5 
R = Rạe* 


where ®, is activity now, is given as 16 s1. Then 


láy"' = (50s ')¿* 
OT 


We take the natural logs of both sides (and divide by À) to get 


¬ 'n(5) _ 1 "bì 
^ \16 383 x10 2g  \ 16 


= 2.98 x 10!!s = 9400yr, 


which 1s the time elapsed since the death of the animal. 


?Organisms operate almost exclusively via chemical reactions—which involve only the outer orbital 
electrons of the atom; extra neutrons in the nucleus have essentially no effect. 


SECTION 30-11 


@ÒPHvsics APPLIED 
of 16 decays/s, what is is age? Archeological dating 


Radioactive Dating 875 


€@ÒPnvysics APPLIED 
Œeological dating 


đÒPnvsics APPLIED 


Oldest Earth rocks 
and 
earliest liƒe 


Coulomb barrler 


Nuclear attraction 
Coulomb repulsion 


Energy 0Ÿ œ 


FIGURE 30-12 Potential energy for 
alpha particle and nucleus, showing 
the “Coulomb barrier” through 
which the ø particle must tunnel to 
escape. The @-value of the reaction 
1s also Indicated. 


Geological Time Scale Dating 


Carbon dating 1s useful only for determining the age of obJects less than about 
60,000 years old. The amount of '4C remaining in objects older than that is usually 
too small to measure accurately, although new techniques are allowing detection 
of even smaller amounts of 14C, pushing the time frame further back. On the other 
hand, radioactive 1sotopes with longer half-lives can be used In certain circum- 
stances to obtain the age of older objects. For example, the decay of “ŠU, because 
of is long half-life of 4.5 x 10” years, is useful in determining the ages of rocks 
on a geologic time scale. When molten material on Earth long ago solidified into 
rock as the temperature dropped, different compounds solidified according to the 
melting poinfs, and thus different compounds separated to some extent. Uranium 
present In a material became fixed In position and the daughter nucle1 that result 
from the decay of uranium were also ñxed In that position. Thus, by measuring 
the amount of “ŠU remaining in the material relative to the amount of daughter 
nuclei, the trme when the rock solidified can be determined. 

Radioactive dating methods using “šU and other isotopes have shown the 
age of the oldest Earth rocks to be about 4 x 10”yr. The age of rocks in which 
the oldest fossilized organisms are embedded Indicates that lie appeared more 
than 33 billion years ago. The earliest fossilized remains of mammals are found in 
rocks 200 million years old, and humanlike creatures seem to have appeared 
more than 2 million years ago. Radioactive dating has been Indispensable for the 
Teconsfruction of Earth”s hIstory. 


“30-12 Stability and Tunneling 


Radioactive decay occurs only 1Ÿ the mass of the parent nucleus 1s øreater than 
the sum of the masses of the daughter nucleus and all particles emitted. For 


example, 5U can decay to ”4Th because the mass of “jŠU is greater than the 


mass of the “JTh plus the mass of the ø particle. Because systems tend to go in 
the direction that reduces theïr Internal or potential energy (a ball rolls downhill, 
a positive charge moves toward a negative charge), you may wonder why an 
unstable nucleus doesn't fall apart immediately. In other words, why do “S§U 
nuclel (nñ = 4.5 x 10?yr) and other isotopes have such long half-lives? Why 
don't parent nucle1 all decay at once? 

The answer has to do with quantum theory and the nature of the forces 
involved. One way to view the situation 1s with the aid oŸ a potential-energy 
điagram, as In Fig. 30-12. Let us consider the particular case of the decay 
2U —> 21h + 2He. The blue line represents the potential energy, including 
rest mass, where we imagine the ø particle as a separate entity within the “jšU 
nucleus. The region labeled A In Fig. 30-12 represents the PE of the œ particle 
when 1t is held within the uranium nucleus by the strong nuclear force (Ñ; 1s the 
nuclear radius). Region C represents the PE when the œ particle is free of the 
nucleus. The downward-curving PE (proportional to 1/r) represents the electrical 
repulsion (Coulomb's law) between the positively charged ø and the 22Th nucleus. 
To get to repion C, the œ particle has to get throuph the “Coulomb barrier” shown. 
Since the PE Just beyond r = #¿ (region B) is greater than the energy of the 
alpha particle (dashed line), the œ particle could not escape the nucleus IÝ it were 
governed by classical physics. It could escape only 1ƒ there were an input OŸ energy 
equal to the height of the barrier. Nuclei decay spontaneously, however, without 
any input of energy. How, then, does the œ particle get from region A to region C? 
lt actually passes throuph the barrier 1n a process known as quantum-mechanical 
tunneling. Classically, this could not happen, because an œz particle In region B 
(within the barrier) would be violating the conservation-of-energy principle. 


?The total energy E£ (dashed line in Eig. 30—12) would be less than the PE; because KE = 3z > 0, 
then classically, # = KE + PE could not be less than the PE. 
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The uncertainty principle, however, tells us that energy conservatlon can be 
violated by an amount A # for a length of time Aƒ given by 


(AE)(A) ~ 2— 


We saw in Section 28-3 that this 1s a result of the wave—particle duality. Thus 
quantum mechanics allows conservatlon of energy to be violated for brief 
periods that may be long enouph for an ø particle to “tunnel” through the barrier. 
AE would represent the energy difference between the average barrler height 
and the particle's energy, and Af the time to pass through the barrier. The higher 
and wider the barrler, the less time the œ particle has to escape and the less likely 
1t 1S to do so. Ït 1s therefore the heipht and width of this barrier that control the 
rate of decay and half-life of an 1sotope. 


30-153 Detection of Particles 


Individual particles such as electrons, protons, œ particles, neutrons, and 7 rays 
are not detected directly by our senses. Consequently, a variety of instruments 
have been developed to detect them. 


Counfters 


One of the most common detectors 1s the Geiger counfter. As shown in Fig. 30—13, 
1t cOnsisfs of a cylindrical metal tube filled with a certain type of gas. A long 
wire runs down the center and is kept at a high positive voltage (~ 10° V) with 
respect to the outer cylinder. The voltage 1s Just shipghtly less than that required 
to 1on1ze the gas atoms. When a charged particle enters throuph the thĩn “window” 
at one end of the tube, 1t lon1zes a few atoms of the gas. The freed electrons are 
aftracted toward the posiftive wire, and as they are accelerated they strike and 
10m1ze additional atoms. An “avalanche” of electrons 1s quickly produced, and 
when 1t reaches the wire anode, 1t produces a voltaøe pulse. The pulse, after being 
amplified, can be sent to an electronic counter, which counts how many particles 
have been đetected. Or the pulses can be sent to a loudspeaker and each detec- 
tion of a particle 1s heard as a “click.” Only a fraction of the radiation emitted 
by a sample 1s detected by any detector. 

A scinfillation counfer makes use of a solid, liquid, or gas known as a 
scintillator or phosphor. The atoms oŸ a scintillator are easily excited when struck 
by an Iincoming particle and emit visible light when they return to the1r pround 
states. Typical scintillators are crystals of Nal and certain plastics. One face of a 
solid seintillator is cemented to a photomultiplier tube, and the whole 1s wrapped 
with opaque material to keep 1t light-tight (in the dark) or is placed within a light- 
tight container. The photomulfiplier (PM) tube converts the energy of the 
scintillator-emitted photon(s) Into an electric signal. A PM tube ¡s a vacuum 
tube containing several electrodes (typically 8 to 14), called đdynodes, which are 
maintained at successively hipher voltages as shown In FEig. 30-14. At Its top 
surface 1s a photoelectric surface, called the phofocathode, whose work function 
(Section 27—3) is low enouph that an electron is easily released when struck by a 
photon from the scintillator. Such an electron 1s accelerated toward the posifIve 
voltage of the first dynode. When 1t strikes the first dynode, the electron has 
acqurred suffiIcient kinetic energy so that 1t can eject two to five more electrons. 
These, In turn, are accelerated toward the higher voltage second dynode, and a 
multplicatlon process begins. The number of electrons striking the last dynode 
may be 10 or more. Thus the passage of a particle through the scintillator results 
1n an electric signal at the output of the PM tube that can be sent to an electronic 
counter Just as for a Geiger tube. Solid scintillators are much more dense than 
the gas of a Geiger counter, and so are much more efficient detectors——especially 
for 7 rays, which Interact less with matter than do øz or 8 particles. Scintillators 
that can measure the total energy deposited are much used today and are 
called calorimeters. 
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To counter 


FIGURE 30-13 Diagram of a 
Gelger counIter. 


FIGURE 30-14 Scintillation counter 
with a photomultiplier tube. 
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Path of particle 


FIGURE 30-15 In a cloud chamber 
or bubble chamber, droplets or 
bubbles are formed around Ions 
produced by the passage of a 
charged particle. 


FIGURE 30-16 Multiwire chamber 
inside the Collider Detector at 
Fermilab (CDF). Figure 32-15 in 
Chapter 32 was made with this 
đetector. 
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In tracer work (Section 31—7), liquid scintillators are often used. Radioactive 
samples taken at different times or from different parts of an organism are placed 
directly in small bottles containing the liquid scintillator. Thịs 1s particularly con- 
venient for detection of Ø rays from †H and lC, which have very low energies 
and have difficulty passing through the outer covering of a crysfal scintillator or 
Geiger tube. A PM tube 1s still used to produce the electric signal from the liquid 
scintillator. 

A semiconductfor defecfor consists of a reverse-biased pøø junction diode 
(Section 29-9). A charged particle passing through the junction can excite electrons 
into the conduction band, leaving holes in the valence band. The freed charges 
produce a short electric current pulse that can be counted as for Geiger and 
scintillation counfers. 

Hospital workers and others who work around radiation may carry fin badges 
which detect the accumulation of radiation exposure. The film 1nside 1s periodically 
replaced and developed, the darkness of the developed film being related to total 
exposure (see Section 31—5). 


Visualization 

The devices discussed so far are used for counting the number of particles (or 
decays oŸ a radioactive Isotope). There are also devices that allow the track of 
charged particles to be seen. Very Important are semiconductor detectors. Silicon 
wafer semiconduefors have their surface etched Into separate tiny pixels, each 
providing particle position information. They are much used in elementary par- 
ticle physics (Chapter 32) to track the positlons of particles produced and to 
determine their point of origin and/or theirr momentum (with the help of a 
magnetic field). The pixel arrangement can be CCD or CMOS (Section 25-1), 
the latter able to incorporate electronics Inside, allowing fast readout. 

One of the oldest tracking devices 1s the photographic emulsion, which can 
be small and portable, used now particularly for cosmic-ray studies from balloons. 
A charged particle passing through an emulsion 1on1zes the atoms along 1s path. 
These points undergo a chemical change, and when the emulsion is developed 
(like film) the particles path 1s revealed. 

In a cloud chamber, used in the early days of nuclear physics, a gas 1s cooled 
to a temperature sliphtly below 1s usual condensation point (*supercooled”). 
Tìny droplets form around 1ons produced when a charged particle passes through 
(Eig. 30—15). Light scattering from these droplets reveals the track of the particle. 

The bubble chamber, invented in 1952 by Donald A. Glaser (1926-2013), 
makes use of a superheated liquid kept close to 1ts normal boiling point. Bubbles 
characteristic of boiling form around 1ons produced by the passage of a charged 
particle, revealing paths of particles that recently passed through. Because a 
bubble chamber uses a liquid, often liquid hydrogen, many more inferactions can 
occur than 1n a cloud chamber. A magnetic field applied across the chamber 
makes charged particle paths curve (Chapter 20) and allows the momentum of 
charged particles to be determined from the radius of curvature of their paths. 

A multiwire' chamber consists of a set of closely spaced fine wires immersed in 
a gas (Fig. 30—16). Many wires are grounded, and the others between are kept at 
very high voltasge. A charged particle passing through produces Ions in the 
gas. Freed electrons drift toward the nearest hiph voltage wire, creating an 
“avalanche” of many more 1ons, and producing an electric pulse or signal at that 
wrre. The positlons of the particles are determined electronically by the position 
Of the wire and by the time 1t takes the pulses to reach “readout” electronics at 
the ends of the wires. The paths of the particles are reconstructed electronically 
by computers which can “draw” a picture of the tracks, as shown In Fig. 32—15, 
Chapter 32. An external magnetic field curves the paths, allowing the momentum 
Of the particles to be measured. 

Many detectors are also calorimetfers which measure the energy of the 
particles. 


T Also called 0ire drift chamber or t0ire proportional chamber. 


 Summary 


Nuclear physics 1s the study of atomic nuclei. Nuclei contain 
profons and neufrons, which are collectively known as nucleons. 
The total number of nucleons, 4, is the nucleus”s afomic mass 
number. The number of protons, Z, is the atomic number. The 
number of neutrons equals A — Z. Isofopes are nuclei with 
the same Z, but with different numbers of neutrons. For an 
element X, an isotope of øIven Z4 and A 1s represented by 


ẠX. 
The nuclear radius is approximately proportional to 43, 
Iindicating that all nuclei have about the same density. Nuclear 
masses are specifled ¡in unified afomic mass unifs (u), where 
the mass of 1C (including its 6 electrons) is defined as exactly 
12.000000u. In terms of the energy equivalent (because 
E =mc}), 
1u = 931.5MeV/c? = 1.66 x 10 ”kẹg. 


The mass of a stable nucleus 1s less than the sum of the 
masses Of 1fs constituen( nucleons. The difference in mass 
(times c”) ¡is the total binding energy. It represents the energy 
needed to break the nucleus into i(s constituent nucleons. 
The binding energy per nucleon averages about 8MeV per 
nucleon, and 1s lowest for low mass and high mass nuclel. 

Ủnstable nuclei undergo radioactfive decay; they change 
Iinto other nuclei with the emission of an œ, Ø8, or 7 particle. 
An ø particle is a ‡He nucleus; a Ø particle is an electron or 
positron; and a 7 ray 1s a high-energy phofton. In Ø8 decay, 
a neufrino 1s also emitted. The transformation of parenf nuclel 
into đaughter nuclei is called fransmutafion of the elements. 
Radioactive decay occurs spontaneously only when the mass 
of the products 1s less than the mass of the parent nucleus. 
The loss in mass appears as kinetic energy of the products. 

Nuclei are held together by the strong nuclear force. The 
weak nuclear force makes 1tself apparent in 6 decay. These two 
forces, plus the gravitational and electromagnetic forces, are 
the four known types of force. 


Electric charge, linear and angular momentum, mass—energy, 
and nucleon number are conserved in all decays. 

Radioactive decay 1s a statistical process. For a øIven type 
Of radioactive nucleus, the number of nuclei that decay (AM) 
1n a time Af 1s proportional to the number of parent nuclei 
present: 


AN = -ÀNAf: (30-3a) 


the minus sign means  đecreases In time. 

The proportionality constant À 1s called the decay consfanf 
and 1s characteristic of the given nucleus. The number N of 
nucle1l remaining after a time f decreases exponentially, 


N = Ngế, (30-4) 
as does the actfivity,  = magnitude of AN/Af: 
AN =XŸ 
= | _— : 0— 
A‡ lu (30-5) 


The half-life, 7', is the time required for half the nuclei of a 
radioactive sample to decay. It ¡is related to the decay constant 
by 

m.= 0.693. 


: Ầ (30-6) 


Radioacfive dafing 1s the use of radioactive decay to deter- 
mine the age of certain obJects, such as carbon dating. 

[fAlpha decay occurs via a purely quantum-mechanical 
process called tunneling through a barrIer. | 

Particle detectors include Geiger counfers, scinfillators 
with attached photomultiplier tubes, and semiconductfor 
detectors. Detectors that can Image particle tracks Include 
semiconducfors, pho(ographic emulsions, bubble chambers, 
and multiwire chambers. 


 Questions 


1. What do different isotopes of a given element have In 
common? How are they different? 


2. What are the elements represented by the X In the follow- 
ing: (4) 2X; (b) '7X: (e) IX: (4) 55X: (e) T00? 

3. How many protons and how many neutrons do each of the 
1sotopes In Question 2 have? 

4. Identify the element that has 87 nucleons and 50 neutrons. 


5. Why are the atomic masses of many elements (see the 
Periodic Table) not close to whole numbers? 

6. Why are atoms much more likely to emit an alpha particle 
than to emit separate neutrons and protons? 

7. What are the similarities and the differences between the 
strong nuclear force and the electric force? 

§. What 1s the experimental evidence in favor of radioactIvity 
being a nuclear process? 

9. The isotope 54Cu is unusual in that it can decay by Y, đ, 
and 8” emission. What is the resulting nuclide for each case? 


10. A “jŸU nucleus decays via œ decay to a nucleus containing 
how many neutrons? 


11. Describe, In as many ways as you can, the difference 
between ø, Ø8, and 7 rays. 

12. Fill in the missing particle or nucleus: 

(a) ijCa —> ?+e +b 
(b) 3ŠCu* —> ?+ 
(c) #4Cr —> 9V +2 
(4 34Pu —> ?+œ 
(e) 5ãNp —> 54Pu + ? 

13. Immediately after a “j§U nucleus decays to 2,Th + ?He, 
the daughter thorium nucleus may still have 2 electrons 
circling it. Since thorium normally holds only 90 electrons, 
what do you suppose happens to the two extra ones? 

14. When a nucleus undergoes either 8 or 8” decay, what hap- 
pens to the energy levels of the atomic electrons? What 1s 
likely to happen to these electrons following the decay? 

15. The alpha particles from a given alpha-emitting nuclide 
are øenerally monoenergetic; that 1s, they all have the same 
kinetic energy. But the beta particles from a beta-emitting 
nuclide have a spectrum of energies. Explain the difference 
between these two cases. 
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16. 


17. 
18. 


19. 


20. 


21. 


22. 


Do isotopes that undergo electron capture generally lie 
above or below the stable nuclides In Fig. 30—2? 

Can hydrogen or deuterium emit an ø particle? Explain. 
Why are many artificially produced radioactive I1sotopes 
are In nature? 

An Isotope has a half-life of one month. After two months, 
wIll a øIven sample of this isotope have completely decayed? 
T not, how much remains? 

'Why are none of the elements with Z2 > 92 stable? 

A proton strikes a §Li nucleus. As a result, an œ particle 
and another particle are released. What 1s the other particle? 
Can 14C dating be used to measure the age of stone walls 
and tablets of ancient civilizations? Explain. 


23. 


24. 


25. 


Explain the absence of 8” emitters in the radioactive decay 
serIes Of Fig. 30—11. 

As “£Rn decays into 4°Pb, how many alpha and beta par- 
ticles are emitted? Does It matter which path in the decay 
series 1s chosen? Why or why not? 


A ”“°U nucleus (initially at rest) decays into a ”“Th nucleus 
and an alpha particle. Which has the greater (¡) momentum, 
(1ñ) velocity, (11) kinetic energy? Explain. 

(a) The ”“Th nucleus. 

(b) The alpha particle. 

(c) Both the same. 


MisConceptual Questions 


1. 
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Elements of the Periodic Table are distinguished by 
(4) the number of protons In the nucleus. 

(5) the number of neutrons In the nucleus. 

(c) the number of electrons In the atom. 

(đ) Both (2) and (?). 

(e) (2). (b), and (c). 


. A nucleus has 


(4) more energy than 1ts component neutrons and protons 
have. 

(B) less energy than its component neutrons and protons 
have. 

(c) the same energy as its component neutrons and 
protons have. 

(đ) more enersy than its component neutrons and 
protons have when the nucleus is at rest but less 
energy than when 1t 1s moving. 


._ Which of the following wIll generally create a more stable 


nucleus? 

(a) Having more nucleons. 

(b) Having more protons than neutrons. 

(c) Having a larger binding energy per nucleon. 

(đ) Having the same number of electrons as protons. 
(z) Having a larger total binding energy. 


‹ There are 82 protons In a lead nucleus. Why doesn't the 


lead nucleus burst apart? 

(a) Coulomb repulsive force doesn't act inside the nucleus. 

(b) Gravity overpowers the Coulomb repulsive force Inside 
the nucleus. 

(c) The negatively charged neutrons balance the positively 
charged protons. 

(đ) Protons lose their positive charge Inside the nucleus. 

(c) The strong nuclear force holds the nucleus together. 


„ The half-life of a radioactive nucleus 1s 


(4) half the time 1t takes for the entire substance to decay. 
(B) the time it takes for half of the substance to decay. 

(c) the same as the decay constant. 

(đ) Both (2) and (Đ) (they are the same). 

(c) AII of the above. 


6. 


Lỗ 


8. 


9, 


10. 


11. 


As a radioactive sample decays, 

(a) the half-life increases. 

() the half-life decreases. 

(c) the activity remains the same. 

(đ) the number of radioactive nuclei increases. 
(e) None of the above. 


TỶ the half-life of a radioactive sample 1s 10 years, then It 
should take years for the sample to decay completely. 
(z)10. (5)20. (c) 40. 


(đ) Cannot be determined. 


A sample's half-life 1s 1 day. What fraction of the oripinal 
sample will have decayed after 3 days? 


()š§' (Œ)j- (3: (đ)š' ()š: () Alofit 

After three half-lives, what fraction of the original radio- 

active material 1s left? 

()None. (b)¡- (€)s' (đ)¿- ()ï- Œ)š: 

Technicium ?ŸTc has a half-life of 4.2 < 106 vr. Strontium 

xSr has a half-life of 28.79 yr. Which statements are true? 

(z) The decay consfant of Šr is greater than the decay 
consftant of Tc. 

(b5) The activity of 100 g of Sr ïs less than the activity of 
100 g of”Tc. 

(c) The long half-life of Te means that it decays by alpha 
decay. 

(đ) A Tc atom has a higher probability of decaying ïn 1 yr 
than a Sr atom. 

(e) 28.79 g of Sr has the same activity as 4.2 x 10g of Tc. 


A material having which decay constant would have the 
shortest half-life? 

(a) 100/second. 

(b) 5/year. 

(c) 8/century. 

(3) 10?/day. 

Uranium-236 decays to lead-206 throuph a series of 

(a) alpha decays. 

(b) beta decays. 

(c) gamma decays. 

(đ) some combination of alpha, beta, and gamma decays. 


13. Carbon dating is useful only for determining the age of 
obJects less than about years old. 
(a) 4.5 million. 

(ð) 1.2 million. 
(c) 600,000. 
(4) 60,000. 

(e) 6000. 

14. Radon has a half-life of about 1600 years. The Earth 1s 
several billion years old, so why do we still find radon on 
this planet? 

(2) Ice-aøe temperatures preserved some of it. 
(b) Heavier unstable 1sotopes decay Info ït. 
(c) It1s created in lightning strikes. 

(đ) It 1s replenished by cosmic rays. 

(e) Its half-life has increased over time. 

(/) Its half-life has decreased over time. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


15. How does an atom's nucleus stay together and remain 
stable? 

(z) The attractive pravitational force between the protons 
and neutrons overcomes the repulsive electrostatic 
force between the protons. 

(b) Having just the right number of neufrons overcomes 
the electrostatic force between the protons. 

(c) A strong covalent bond develops between the neutrons 
and protons, because they are so close to each other. 

(đ) None of the above. 

16. What has preater mass? 

(a) A neutron and a proton that are far from each other 
(unbound). 

(5) A neutron and a proton that are bound together In a 
hydrogen (deuterium) nucleus. 

(c) Both the same. 


(wPj 


| Problems 


[See Appendix B for masses] 


30-1 Nuclear Properties 


1. ()A pi meson has a mass of 139 MeV/cŸ. What is this in 
atomic mass units? 

2. (1) What is the approximate radius of an ø particle (2He)? 

3. (1) By what % is the radius of 5ŸU greater than the radius 
of 2U? 

4. (1T) (z) What is the approximate radius of a !J4Cd nucleus? 
(5) Approximately what is the value of 4 for a nucleus 
whose radius is 3.7 < 10 1m? 

5. (I1) What 1s the mass of a bare øœ particle (without elec- 
trons) in MeV/c?? 

6. (II) Suppose two alpha particles were held together so they 
were just “touching” (use Eq. 30-1). Estimate the electrostatic 
repulsive force each would exert on the other. What would be 
the acceleration of an alpha particle subjected to this force? 

7. (II) (a) What would be the radius of the Earth If it had 1s 
actual mass but had the density of nuclei? (b) By what 
factor would the radius of a “ÿU nucleus increase if it had 
the Earth's density? 

8. (11) What stable nucleus has approximately half the radius 

Of a uranium nucleus? [Hmr: Find A and use Appendix B 

to get Z⁄.] 

(H) HT an alpha particle were released from rest near the 

surface of a {Fm nucleus, what would its kinetic energy 

be when far away? 

10. (11) (z) What ¡s the fraction of the hydrogen atom”s mass 
(†H) that is in the nucleus? (b) What is the fraction of the 
hydrogen atom'”s volume that 1s occupIed by the nucleus? 

T11. (II Approximately how many nucleons are there In a 
1.0-kg object? Does it matter what the object is made of? 
Why or why not? 

12. (III) How much kinetic enersy, in MeV, must an ø particle 


have to Just “touch” the surface of a ?U nucleus? 


hi 


30-2 Binding Energy 

13. () Estimate the total binding energy for ỐjCu, using 
Eig. 30-1. 

14. (I) Use Eig. 30—1 to estimate the total binding energy of 
(a) 3U, and (b) šáKt. 


15. (II) Calculate the binding energy per nucleon for a 1Ñ 
nucleus, using Appendlix B. 

16. (II) Use Appendix B to calculate the binding energy of ?H 
(deuterium). 

17. (II) Determine the binding energy of the last neutron in a 
11Na nucleus. 

18. (II) Calculate the total binding energy, and the binding 
energy per nucleon, for (2) 3Li, (b) !2§Pt. Use Appendix B. 

19. (II) Compare the average binding energy of a nucleon In 
11Na to that in TƒNa, using Appendix B. 

20. (II) How much energy 1s required to remove (4) a proton, 

(b) a neutron, from lïN? Explain the difference in your 

AnSW€TS. 

(HT) (2) Show that the nucleus ŸBe (mass = 8.005305 u) 

is unstable and will decay into two œ particles. (b) Is !C 

stable against decay Into three œ particles? Show why or 

why not. 


30-3 to 30-7 Radioactive Decay 

22. (1) The ‡Li nucleus has an excited state 0.48 MeV above the 
ground state. What wavelength gamma photon is emitted 
when the nucleus decays from the excited state to the ground 
state? 

23. (II) Show that the decay !‡C -—> l#B + p is not possible 
because energy would not be conserved. 


21 


24. (II) Calculate the energy released when tritium, †H, decays 
by emission. 

25. (II) What ¡is the maximum kinetic energy of an electron 
emitted in the Ø8 decay of a free neutron? 

26. (II) Give the result of a calculation that shows whether or 
not the following decays are possIble: 
(4) ”jU —> ”#U + n; 
(b) 2N > N+n; 
(c) 18K —> TK + n. 

27. (IU TÌNa is radioactive. (ø) Is it a 8 or @' emitter? 
(b) Write down the decay reaction, and estimate the maxi- 
mum kinetic energy of the emitted Ø8. 
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28. (II A “ÿU nucleus emits an œ particle with kinetic 
energy = 4.20 MeV. (a) What is the daughter nucleus, and 
(b) what is the approximate atomic mass (in u) of the 
daughter atom? Ignore recoil of the daughter nucleus. 


29. (1L) Calculate the maximum kinetic energy of the Ø particle 
emitted during the decay of §Co. 


30. (II) How much energy 1s released in electron capture by 
beryllium: 4Be +e" —> jLi + r? 


31. (II) The isotope “4ŸPo can decay by either œ or 8 emission. 


What is the energy release in each case? The mass of “4ŸPo 
1s 218.008973 u. 


32. (II) The nuclide j‡P decays by emitting an electron whose 
maximum kinetic energy can be 1.71 MeV. (z) What 1s the 
daughter nucleus? (b) Calculate the daughter atomic 
mass (ïn u). 


33. (II) A photon with a wavelength of 1.15 x 10m ¡s 
ejected from an atom. Calculate 1s energy and explain why 
1t 1S a 7 ray from the nucleus or a photon from the atom. 


34. (II) How much recoil energy does a †9K nucleus get when it 


emits a 1.46-MeV gamma ray? 


35. (II) Determine the maximum kinetic energy of 8” particles 
released when 4C decays to !1B. What is the maximum 
energy the neutrino can have? What is the minimum energy 
of each? 


36. (II) Show that when a nucleus decays by 8” decay, the 


total energy released 1s equal to 


(Mp — Mp — 2m¿)c, 


. 


where Mp and Mp are the masses of the parent and daugh- 
ter atoms (neutral), and ze 1s the mass of an electron or 
positron. 


37. (II) When ®ŠU decays, the œ particle emitted has 4.20 MeV 
of kinetic energy. Calculate the recoil kinetic energy of the 
daughter nucleus and the @-value of the decay. 


30-8 to 30-11 Half-Life, Decay Rates, 
Decay Series, Dating 


38. (I) (4) What is the decay constant of 5U whose half-life is 
4.5 x 10?yr? (b) The decay constant of a given nucleus is 
3.2 x 1073s 1. What is its half-life? 


39. (I A radioactive material produces 1120 decays per min- 
ute at one time, and 3.6h later produces 140 decays per 
minute. What 1s 1ts half-life? 


40. (I What fraction of a sample of $ŠGe, whose half-life is 
about 9 months, will remain after 2.5 yr? 


4I. (ID What is the activity of a sample of 14C that contains 
6.5 x 10 nuclei? 


42. (DU What fraction of a radioactive sample 1s left after exactly 
5 half-lives? 


43. (II) The iodine isotope l33I is used in hospitals for điagno- 
sis Of thyroid function. If 782 g are Ingested by a patient, 
determine the activity (2) mmediately, (b) 1.50 h later when 
the thyroid is being tested, and (c) 3.0 months later. Use 
Appendix B. 
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44. 


45. 


4ó. 


4A7. 


48 


. 


49. 


5. 


31. 


5. 


5. 


=4. 


`: 
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ST: 


5. 


39. 


(10 How many nuclei of “ŠU remain in a rock if the activ- 
1ty registers 420 decays per second? 


(1U In a series of decays, the nuclide ”3U becomes “f2Pb. 
How many œø and 8” particles are emitted In this series? 


(U !Z4Cs has a half-life of 30.8s. (z) If we have 8.7 up 
Initially, how many Cs nuclei are present? (5) How many 
are present 2.6 min later? (c) What is the activity at this 
time? (đ) After how much time wIll the activity drop to less 
than about 1 per second? 


(1 Caleulate the mass of a sample of pure ?K with an 
initial decay rate of 2.4 x 107s”1. The half-life of ƒ3K ¡is 
1.248 x 10°yr. 


(II) Calculate the activity of a pure 6.7-g sample of ‡‡P 
(j = 1.23 x 103). 

(I A sample of 5U (T¡ = 1.59 x 10Ÿyr) contains 
4.50 x 10!Ởnuclei. (ø) What is the decay constant? 
(b) Approximately how many disintegrations will occur 
per minute? 


(H) The activity of a sample drops by a factor of 6.0 in 
9.4 minutes. What is 1ts half-life? 


qI) A 345-g sample of pure carbon contains 1.3 parts In 
10! (atoms) of lÁC. How many disintegrations occur per 
second? 


(I A sample of 5ÿU is decaying at a rate of 
4.20 x 107 decays/s. What is the mass of the sample? 


(TI) Rubidium-strontium dafing. The rubidium isotope 
Š'Rb, a 8 emitter with a half-life of 4.75 < 10!Đyr, is used 
to determine the age of rocks and fossils. Rocks containing 
fossils of aneient animals confain a ratio of Š4Sr to Š?Rb of 
0.0260. Assuming that there was no Š4Sr present when the 
rocks were formed, estimate the aøe of these fossils. 


(I) Two of the naturally occurring radioactive decay 
sequences start with “ZTh and with ?j§U. The first five 
decays of these two sequences are: 


Œ, 8. 8. Œ, œ 


and 
ằœ, B, ơ, B, œ. 


Determine the resulting intermediate daughter nuclei In 
each case. 


(IH) An ancient wooden club is found that confains 73 ø of 
carbon and has an activity of 7.0 decays per second. Deter- 
mine 1s age assuming that in living trees the ratio of 
!14C©/12C atoms is about 1.3 x 10”1, 


(TT) ỦUse Eig. 30—11 and calculate the relative decay rates 
for œ decay of ?‡jPo and “|‡Po. 

(IT) The activity of a radioactive source decreases by 5.5% 
1n 31.0 hours. What 1s the half-life of this source? 


II) 4Be decays with a half-life of about 53 d. It is pro- 
duced in the upper atmosphere, and filters down onfo the 
Earth' surface. If a plant leaf is detected to have 
350 decays/s of {Be, (z) how long do we have to wait for 
the decay rate to drop to 25 per second? (b) Estimate the 
initial mass of {Be on the leaf. 


(TH) At /£ = 0, a pure sample of radioactive nuclei confains 
& nuclei whose decay constant 1s À. Determine a formula 
for the number of daugphter nuclei, Wp, as a function of 
time; assume the dauphter 1s stable and that Ấp = 0 at 
tf =0. 


 General Problems 


60. 


61 


62. 


63 


64 


65. 


66 


G7. 


68. 


69. 


70. 


Which radioactive isotope of lead 1s being produced If the 
measured activity of a sample drops to 1.050% Of ItS Origi- 
nal activity in 4.00 h? 


An old wooden tool ïs found to contain only 4.5% of the 
HẬC that an equal mass of fresh wood would. How old is 
the tool?2 


A neutron star consists oŸ neutrons at approximately 
nuclear density. Estimate, for a 10-km-diameter neutron 
star, (4) 1s mass number, () its mass (kg), and (c) the 
acceleration of øravity at 1s surface. 


Triium dating. The ?H ¡isotope of hydrogen, which is 
called /r/w„m (because 1t contains three nucleons), has a 
half-life of 12.3 yr. It can be used to measure the age of 
objecfs up to about 100 yr. It is produced In the upper 
atmosphere by cosmic rays and brought to Earth by rain. 
As an application, determine approximately the age of a 
bottle of wine whose ŸH radiation is about ¡p that present 
1n new wine. 


Some elementary particle theories (Section 32—11) sugsest 
that the proton may be unstable, with a half-life > 10°Ẻ yr. 
(z) How long would you expect to walt for one profon in 
your body to decay (approximate your body as all water)? 
(b) Of the roughly 7 billion people on Earth, about how 
many would have a proton In their body decay In a 70 yr 
lifetime? 

The oripinal experiments which established that an atom 
has a heavy, positive nucleus were done by shooting alpha 
particles through gold foil. The alpha particles had a 
kinetic energy of 7.7 MeV. What ¡s the closest they could 
get to the cenfer of a gold nucleus? How does this compare 
with the size of the nucleus? 


How long must you wait (n half-lives) for a radioactive 
sample to drop to 2.00% of is original activity? 


If the potassium isotope ƒ9K gives 42 decays/s in a liter of 
milk, estimate how much {$K and regular j9K are in a liter 
of milk. Use Appendix B. 


Strontium-90 is produced as a nuclear fission product of 
uranium 1n both reactors and atomic bombs. Look at 1s 
location 1n the Periodic Table to see what other elemen(s 1t 
might be similar to chemically, and tell why you think 1t 
mipht be dangerous to ingest. It has too many neutrons to 
be stable, and it decays with a half-life of about 29 yr. How 
long will we have to walt for the amount of 3Sr on the 
Earth”s surface to reach 1% of Its current level, assuming 
no new material is scattered about? Write down the decay 
reaction, including the dauphter nucleus. The dauphter 1s 
radioactive: write down 1{s decay. 

The activity of a sample of Ÿ¿S (¡ =8737days) is 
4.28 x 10! decays per second. What is the mass of the 
sample? 


The nuclide !24Os decays with @  energy of 0.14MeV 
accompanled by 7 rays of energy 0.042MeV and 
0.129 MeYV. (z) What ¡is the daughter nucleus? (5) Draw an 
energy-level diapram showing the ground states of the 
parent and daughter and excited states of the daughter. 
(c) To which of the daughter states does @  decay of 


II Os Occur? 


T1. 


72. 


Ti 


74. 


Tội 


76. 


71. 


78. 


Tá» 


80. 


81. 


82. 


Determine the activities of (z) 1.0 g of 1⁄11 (T¡ = 8.02 days) 
and (ð) 1.0 g of 5ÿU (Ti = 4.47 x 10°yr). 

se Eig. 30-1 to estimate the total binding energy for 
copper and then estimate the energy, in joules, needed to 
break a 3.0-g copper penny Info 1s constituent nucleons. 


Instead of giving atomic masses for nuclides as In 
Appendix B, some Tables give the mass excess, A, defined 
as A = Mí — A, where A 1s the atomic mass number and 
M 1s the mass In u. Determine the mass excess, In u and in 
MeV/cŸ?, for: (a) ‡He; (b) !£C; (e) šŠ§Sr; (4) 2U. (e) From 
a glance at Appendix B, can you make a generalization 
about the sign of Á as a function of Z or 4? 


When water is placed near an Intense neutron source, the 
neutrons can be slowed down to almost zero speed by col- 
lisions with the water molecules, and are eventually 
captured by a hydrogen nucleus to form the stable isotope 
called deuterium, ?H, giving off a gamma ray. What is the 
energy of the øamma ray? 


The practical limit for carbon-14 dating 1s about 60,000 years. 
TỶ a bone contains 1.0 kg of carbon, and the animal died 
60,000 years ago, what 1s the activity today? 


sing Section 30-2 and Appendix B, determine the energy 
required to remove one neutron from ?He. How many times 
øreater Is this energy than the binding energy of the last 
neutron in 'C? 

(a) If all of the atoms of the Earth were to collapse and 
simply become nuclei, what would be the Earth's new 
radius? (Đ) TỶ all of the atoms of the Sun were to collapse 
and simply become nuclel, what would be the Sun's new 
radIus? 

(a) A 72-gram sample of natural carbon contains the usual 
fraction of lC. Estimate roughly how long it will take 
before there is only one !4C nucleus left. (b) How does the 
answer in (z) change If the sample is 340 grams? What 
does this tell you about the limits of carbon dating? 


Tf the mass of the proton were Jjust a little closer to the 
mass of the neutron, the following reaction would be pos- 
sible even at low collision energ1es: 
©€ +p on xứ. 

(z) Why would this situation be catastrophic? (See last 
paragraph of Chapter 33.) (5) By what percentage would 
the proton”s mass have to be Increased to make this reaction 
possIble? 

'What ïs the ratio of the kinetic energies for an alpha particle 
and a beta particle If both make tracks with the same 
radius of curvature in a magnetic field, oriented perpen- 
dicular to the paths of the particles? 


A 1.00-g sample of natural samarium emits œ particles at a 
rate of 120 s~! due to the presence of 1'7Sm. The natural 
abundance of !4/Sm is 15%. Calculate the half-life for this 
decay process. 


Almost all of naturally occurring uranium is 5U with a 
half-life of 4.468 x 102yr. Most of the rest of natural 
uranium is 5U with a half-life of 7.04 x 10Ÿyr. Today a 
sample contains 0.720% ”j5U. (2) What was this percentage 
1.0 billion years ago? (b) What percentage of uranium will 


be 5U 100 million years from now? 
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General Problems 


83. 


84. 


85. 


A banana contains about 420 mg of potassium, of which a 
small fraction is the radioactive isotope ‡$K (Appendix B). 
Estimate the activity of an average banana due to ?9K. 

When 1jNe (mass = 22.9947u) decays to {Na (mass = 
22.9898u), what ¡is the maximum kinetic energy of the 
emitted electron? What is is minimum energy? What is 
the energy of the neutrino in each case? Ignore recoil of 


the daughter nucleus. 


(2) In œ decay of, say, a “§Ra nucleus, show that the 


nucleus carries away a fraction 1/(1 + ¡ 4p) of the total 
energy available, where 4p 1s the mass number of the 
dauphter nucleus. [Hmí: Use conservation of momentum 
as well as conservation of enersy.] (b) Approximately what 
percentage of the energy available 1s thus carried off by 


the ø particle when “@§Ra decays2 


86. 


Decay series, such as that shown in Fig. 30—11, can be clas- 
sifed into four families, depending on whether the mass 
numbers have the form 4n, 4n + 1, 4n + 2, or 4n + 3, 
where 7ø is an Integer. Justify this statement and show that 
for a nuclide In any famlly, all its dauphters wIll be In the 
same famlly. 


j Search and Learn 


1. 


ˆ 


"5 


Describe in detail why we think there 1s a strong nuclear 
Ïorce. 


. (4) Under what circumstances could a fermium nucleus 


decay Into an einsteinum nucleus? (b) What about the 
reverse, an Es nucleus decaying Into Em? 


. Using the uncertainty principle and the radius of a nucleus, 


estimate the minimum possible kinetic energy of a nucleon 
1n, say, Iron. Ignore relativistic corrections. [H: A particle 
can have a momentum at least as large as 1s momentum 
uncertainty.] 


In Eig. 30-17, a nucleus decays and emifs a particle that 
enters a repglon with a uniform magnetic field of 0.012 T 
directed Into the page. The path of the detected particle 1s 
shown. (2) What type of radioactive decay 1s this? (b) If 
the radius of the circular arc 1s 4.7 mm, what 1s the velocity 
of the particle? 


FIGURE 30-17 
Search and Learn 4. 


In both ¡internal conversion and 8 decay, an electron 1s 
emitted. How could you determine which decay process 
Occurred? 


ANSWERS TO EXERCISES 


6. 


Suppose we discovered that several thousand years ago 
cosmic rays had bombarded the Earth”s atmosphere a lot 
more than we had thought. Compared to previous calcula- 
tions of the carbon-dated age of organic matfer, we would 
now calculate 1t to be older, younger, or the same age as 
previously calculated? Explain. 


In 1991, the frozen remains of a Neolithic-age man, nick- 
named OtzI, were found ¡in the I(alian Alps by hikers. The 
body was well preserved, as were his bow, arrows, knIfe, 
axe, other tools, and clothing. The date of his death can be 
determined using carbon-14 dating. (z) What is the decay 
constant for !4C? (b) How many l4C atoms per gram of 
1C are there in a living organism? (c) What is the activity 
per gram in naturally occurring carbon for a living organ- 
Ism? (đ) For Otzi, the activity per gram of carbon was 
measured to be 0.121. How long ago did he live? 


Some radioactive isotopes have half-lives that are greafer 
than the age of the universe (like gadolinium or samarium). 
The only way to determine these half-lives 1s to monItor 
the decay rate of a sample that contaIns these Isotopes. For 
example, suppose we find an asteroid that currently con- 
tains about 15,000 kg of !2Gd (gadolinium) and we detect 
an activity of 1 decay/s. Estimate the half-life of gadolinium 
(in years). 


A: 0.042130u. 
B: 7.98 MeV/nucleon. 
€: (b) Gd. 


D: (5) § tợ, 
E: (b) 20 ug. 
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Nuclear Energy; Effects 
and Ulses of Radiation 


CHAPTER-OPENING QUESTION——Guess now! 


The Sun 1s powered by 
(a) nuclear alpha decay. 
(b) nuclear beta decay. 
(c) nuclear gamma decay. 
(đ) nuclear fission. 
(e) nuclear fusion. 


e confinue our study of nuclear physics in this Chapter. We begin with 
a discussion of nuclear reactions, and then we examine the Important 
huge energy-releasing processes of fission and fusion. We also deal with 


the effects of nuclear radiation passing through matter, particularly biological matter, 
and how radiation 1s used medically for therapy, diagnosis, and imaging techniques. 


31—1 Nuclear Reactions and the 
Transmutation of Elements 


When a nucleus undergoes z or Ø8 decay, the daughter nucleus 1s a different 
element from the parent. The transformation of one element into another, called 
transmufafion, also occurs via nuclear reactions. A nuclear reacfion 1s said fO Occur 
when a nucleus 1s struck by another nucleus, or by a simpler particle such as a 7 ray, 
neutron, or profon, and an Interaction takes place. Ernest Rutherford was the first 
to report seeing a nuclear reaction. In 1919 he observed that some of the œ particles 
passing throuph nitrogen gas were absorbed and protons emitted. He concluded 
that nitrogen nuclei had been transformed Into oxygen nuclei via the reaction 


‡He + TẤN —> JO + JH, 


where ?He is an ø particle, and 1H is a proton. 


Technicians are looking at an MRI 
1mage of sections through a patlent”s 
body. MRI is one of several 
powerful types of medical imaging 
based on physics used by docfoOrs to 
diagnose 1llnesses. 

This Chapter opens with basic 
and important physics fopIcs of 
nuclear reactfions, nuclear fission, 
and nuclear fusion, and how we 
obtain nuclear energy. Then we 
examine the health aspects of 
radiaton——dosimetry, therapy, and 
imaging: MRI, PET, and SPECT: 
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Since then, a great many nuclear reactions have been observed. Indeed, many 
Of the radioacfive 1sotopes used In the laboratory are made by means of nuclear 
reactions. Nuclear reactions can be made to occur In the laboratory, but they also 
Occur regularly in nature. In Chapter 30 we saw an example: l4C is continually 
being made ¡in the atmosphere via the reaction n + !N — l4C + p. 
Nuclear reactions are sometimes wriften 1n a shortened form: for example, 
n + N > C + p 
can be written 
7N (n, p) 4C. 
The symbols outside the parentheses on the left and right represent the Initial 
and final nuclel, respectively. The symbols inside the parentheses represent the 
bombarding particle (first) and the emitted small particle (second). 
In any nuclear reaction, both electric charge and nucleon number are con- 
served. These conservation laws are often useful, as the following Example shows. 


CONCEPTUAL EXAMIPLE 31-1 | Deuterium reaction. A neutron 1s 


observed to strike an !§O nucleus, and a deuteron ¡s given off. (A đeuferon, or 
deufterium, is the isotope of hydrogen confaining one proton and one neutron, ?H; 
1t 1S sometimes øiven the symbol d or D.) What is the nucleus that results? 
RESPONSE We have the reaction n + !'O —›> ? + 7H. The total number of 
nucleons Initially1s 1 + 16 = 17, and the total charge1s 0 + 8 = 8. The same 
totals apply after the reaction. Hence the product nucleus must have Z = 7 
and 4 = 15. From the Periodic Table, we find that 1t is mitrogen that has 
Z =7, so the nucleus produced is 'ÝN. 


I EXERCISEA Determine the resulting nucleus ¡in the reaction n + !⁄Ba —> ? + 7. 


Energy and momentum are also conserved 1n nuclear reactions, and can be 
used to determine whether or not a ø1ven reacfion can occur. For example, 1f the 
total mass of the final products 1s less than the total mass of the Imitial particles, 
this đdecrease in mass (recall AE = Am c?) is converted to kinetic energy (KE) Of 
the outgoing particles. But If the total mass of the productfs 1s øreater than the 
total mass of the 1mtial reactants, the reacfion requires enerøgy. The reaction will 
then not occur unless the bombarding particle has suffiicient kinetic energy. 
Consider a nuclear reaction of the general form 

a+X—Y+b, (31-1) 
where particle a is a moving projectile particle (or small nucleus) that strikes 
nucleus X, producing nucleus Y and particle b (typically, p, n, œ, 7). We define 
the reacfion energy, or (@-value, 1n terms of the masses Involved, as 

O = (M, + My — Mẹ — My)c. (31-2a) 
For a 7 ray, Mí =0. If energy 1s released by the reaction, @ > Ú. IỶ energy 1s 
requrred, @ < 0. 

Because energy 1s conserved, @ has to be equal to the change In kinetic 
enerøy (final minus initial): 

€Q = KEhp + KEy — KEạ — KEx. (31-2b) 
TỶ X Is a target nucleus at rest (or nearly so) struck by incoming particle a, then 
KEx = 0. For @ > 0, the reaction 1s said to be exofhermic OT eXxOergic; ©n©T8y 1s 
released In the reaction, so the total kinetic energy 1s øreater after the reaction 
than before. IÝ Ó 1s negative, the reaction 1s said to be endothermic or endoergic: 
an energy 1nput 1s required to make the reaction happen. The energy 1npuft comes 
from the kinetic energy of the Initial colliding particles (a and X). 


A slow-neutron reaction. The nuclear reaction 
n + !B — ;Li + ?He 
1s Observed to occur even when very slow-moving neufrons (mass Ä⁄ạ = 1.0087 u) 
strike boron atoms at rest. For a parficular reaction in which KEn % 0, the out- 
going helium (Mf¿¿ = 4.0026 u) is observed to have a speed of 9.30 x 10 m/s. 
Determine (2) the kinetic energy of the lithium (Mụ¡ = 7.0160u), and (b) the 
O-value of the reaction. 


APPROACH Since the neutron and boron are both essentially at rest, the total 
momentum before the reacftion 1s zero; momenftum 1s conserved and so must be 
zero afterward as well. Thus, 


Mu = Mue0ne. 
We solve this for ?x¡ and substitute 1t into the equation for kinetic energy. In (5) 
we use Eq. 31—2b. 


SOLUTION (az) We can use classical kinetic energy with little error, rather than 
relativistic formulas, because œ„„ = 9.30 < 10®m/s is not close to the speed of 
lightc. And ?¡ wIll be even less because ẢM¡; > Mía„. Thus we can write the KE 
of the lithium, using the momentum equation Just above, as 


ÏÏ 1 Me 0ue \? My tý 
KRii = 2 Muitii = ;MÍ n =) = n¡ = 
Li Li 


W©e put In numbers, changing the mass 1n u to kg and recall that 
1.60 x 103J = 1MeV: 


(4.0026 u)?(1.66 x 10? kg/u)”(9.30 < 105 m/s) 
2(7.0160 u)(1.66 x 10 ””kg/u) 
= 164 x 10] = 1.02MeV. 


(b) We are gIven the data KEạ = KEx = 0 in Eq.31-2b, so Q = KEI¡ + KEue, 
where 


KEne = jÄ#nc9ùc = 3(4.0026u)(1.66 x 107” kg/u)(9.30 x 105m/s)” 
= 2.87 x10Ị = 1.80MeV. 
Hence, @ = 1.02MeV + 1.80 MeV = 2.82 MeV. 


HỤi — 


EXAMPLE 31-3 | Will the reaction “go”? Can the reaction 
p+$C—>?N+n 
occur when 4C is bombarded by 2.0-MeV protons? 


APPROACH The reaction will “go” 1Ÿ the reaction 1s exothermic (@ > 0) and 
even 1ƒ @ < 0 1f the mput momentum and kinetic energy are sufficient. First 
we calculate @ from the difference between final and Initial masses using 
Eq. 31-2a, and look up the masses 1n Appendix B. 


SOLUTION The total masses before and after the reaction are: 


Before After 
M($C) = 13003355 M(N) = 13005739 
M(IH) =  1.007825 M(n) = 1008665. 
14.011180 14.014404 


(We must use the mass of the †H atom rather than that of the bare proton because 
the masses of 1C and !N include the electrons, and we must include an equal 
number of electron masses on each side of the equation.) The products have an 
€XC€SS mass Of 


(14.014404 — 14.011180)u = 0.003224u x 931.5MeV/u = 3.00 MeV. 


Thus @ = —3.00 MeV, and the reaction 1s endothermic. This reacfion requires 
enerøgy, and the 2.0-MeV protons do not have enough to make It go. 


NOTE The incoming proton in this Example would need more than 3.00 MeV 
of kinetic energy to make this reactlon go; 3.00MeV would be enough to 
conserve enersgy, but a proton of this energy would produce the 1N and n with 
no kinetic energy and hence no momentum. Since an incident 3.0-MeV proton 
has momentum, conservation of momentum would be violated. A calculation 
using conservafion of energy ønđ of momentum, as we did in Examples 30—7 
and 31-2, shows that the minimum proton enersy, called the threshold energy, 
1s 3.23 MeV In this case. 
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“on Ú decays by 6 decay 


to neptunium-239. 


€) @x)-@r):©-@ 


v Ñp Itself decays by 
6 decay to produce 
plutonium-239. 


FIGURE 31-1 Neptunium and 
plutonium are produced In this 
SerIes OŸ reactions, after 


bombardment of ÿU by neutrons. 


FIGURE 31-2 Projectile particles 
strike a target of area 4 and 
thickness £ made up of  nuclei per 
unit volume. 


. l®) 
-... 901A 
Projectil © 
jectiles 
1 0 l9) 


—— lạ| s ® 


——— l9) 


Neutron Physics 


The artificial transmutation of elements took a great leap forward In the 1930s 
when Enrico Fermi realized that neutrons would be the most effective projJectiles 
for causing nuclear reacftions and In particular for producing new elements. 
Because neutrons have no net electric charge, they are not repelled by positIvely 
charged nuclel as are protons or alpha particles. Hence the probability of a 
neufron reaching the nucleus and causing a reaction 1s much greater than for 
charged projectiles,' particularly at low energies. Between 1934 and 1936, Fermi 
and his co-workers in Rome produced many previously unknown 1sotopes by 
bombarding different elements with neutrons. Fermi realized that 1f the heaviest 
known element, uranium, 1s bombarded with neutrons, 1t might be possible to 
produce new elements with atomic numbers greater than that of uranium. After 
several years of hard work, It was suspected that two new elements had been 
produced, neptunium (Z2 = 93) and plutonium (Z2 = 94). The full confirmation 
that such “transuranic” elements could be produced came several years later at 
the University of California, Berkeley. The reactions are shown In Eig. 31—1. 

lt was soon shown that what Fermi had actually observed when he bom- 
barded uranium was an even stranger process—one that was destined to play an 
extraordinary role in the world at large. We discuss 1t in Section 31—2. 


*€Cross Section 


Some reactions have a higher probability of occurring than others. The reaction 
probability 1s specified by a quantity called the collision eross secfion. Although 
the size of a nucleus, like that of an atom, 1s not a clearly delined quantity since 
the edges are not distinct like those of a tennis ball or baseball, we can nonethe- 
less define a cross sec#on for nuclel undergoing collisions by using an analogy. 
Suppose that proJectile particles strike a stationary target of total area 4 and 
thickness f, as shown in Fig. 31-2. Assume also that the target is made up of 
1dentical objects (such as marbles or nuclei), each of which has a cross-sectional 
area ơ, and we assume the incoming proJectiles are small by comparison. We 
assume that the target objects are fairly far apart and the thickness É ¡s so small 
that we don't have to worry about overlapping. This 1s often a reasonable 
assumption because nuclei have diameters on the order of 10m but are at least 
10!°m (atomic size) apart even in solids. If there are z nuclei per unit volume, 
the total cross-sectional area of all these tiny targets 1s 


A' = nAfœ 


since 4ƒ = (z)(volume) ¡s the total number of tarpgets and ơ 1s the cross- 
sectional area of each. If 4ˆ << 4, most of the Incident projJectfile particles wIll 
pass through the target without colliding. If Ñọ is the rate at which the projectile 
particles strike the target (number/second), the rate at which collisions occur, Ö, 
1S 


A' nAÍœ 
R=Ñ = R 
Ÿ ỦẢ, vì 

SO 

R = Ro nÍƠ. 
Thus, by measuring the collision rate, ®, we can determine ơ: 

¬ 
H Reni 


The cross section ơ 1s an “effective” target area. It 1s a measure oƒthe probability 
oƒa collision or oŸa particular reacfion occurring per target nucleus, ndependent 
of the dimensions of the entire target. The concept of cross sectlon 1s useful 


“That is, positively charged particles. Electrons rarely cause nuclear reactions because they do not 
Interact via the strong nuclear force. 
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because z depends only on the properties of the interacting particles, whereas Ñ 
depends on the thickness and area of the physical (macroscopic) target, on the 
number of partficles In the incident beam, and so on. 


3l-2 Nuclear Fission; Nuclear Reactors 


In 1938, the German scIentists Otto Hahn and FEritz Strassmann made an amazing 
discovery. Following up on Fermis work, they found that uranium bombarded 
by neutrons sometimes produced smaller nuclei that were roughly half the s1ze 
of the original uranium nucleus. Lise Meitner and Otto Frisch quickly realized 
what had happened: the uranium nucleus, after absorbing a neutron, actually had 
split into two roughly equal pieces. This was startling, for until then the known 
nuclear reactions involved knocking out only a tiny fragment (for example, 
n, p, or œ) [rom a nucleus. 


Nuclear Fission and Chain Reactions 


Thịs new phenomenon was named nuclear fission because of 1ts resemblance to 
biological fission (cell division). It occurs much more readily for “5U than for the 
more common “5U. The process can be visualized by imagining the uranium 
nucleus to be like a liquid drop. According to this liquid-drop model, the neutron 
absorbed by the S5U nucleus (Eig. 31—3a) gives the nucleus extra internal energy 
(like heating a drop of water). This intermediate state, or compound nucleus, is SSU 
(because of the absorbed neutron), Fig. 31—3b. The extra energy of this nucleus—— 
1f 1S 1n an excifed stafe——appears as Increased mofion of the Individual nucleons 
1nside, which causes the nucleus to take on abnormal elongated shapes. When the 
nucleus elongates (in this model) into the shape shown In Hig. 31—3c, the attraction 
Of the two ends via the short-range nuclear force 1s greatly weakened by the 
1ncreased separation distance. Then the electric repulsive force becomes dominant, 
and the nucleus splits in two (Fig. 31—3d). The two resulting nuclel, X¡ and Xa, 
are called fission fragmen(s, and in the process a number oŸ neutrons (typically 
two or three) are also given off. The reaction can be written 


n + ?U —> 5U —> X¡ + X;¿ + neutrons. (31-3) 


The compound nucleus, “9U, exists for less than 10 1s, so the process Occurs 


very quickly. The two fission fragments, X; and X;, rarely split the origimal 
uranium mass precisely half and half, but more often as about 40%~—60%. A typical 
fission reacfion 1s 


n + 2U — !⁄2Ba + #Kr + 3n, (31-4) 


although many others also OCCUT. 


CONCEPTUAL EXAMIPLE 31-4 | Counting nucleons. Identify the element X 


in the fission reaction n + 5U —> ŸX + Šr + 2n. 


RESPONSE The number of nucleons is conserved (Section 30—7). The uranium 
nucleus with 235 nucleons plus the Iincoming neutron make 235 + 1 = 236 
nucleons. So there must be 236 nucleons after the reaction. The Sr has 93 nucleons, 
and the two neutrons make 95 nucleons, so X has 4 = 236 — 95 = 141. 
Electric charge 1s also conserved: before the reaction, the total charge 1s 92e. 
After the reaction the total charge Is (Z + 3§)e and must equal 92c. Thus 
Z=92-38= 51. The element with Z = 54 is xenon (see Appendix B or 
the Periodic Table inside the back cover), so the isotope is ''2Xe. 


EXERGISE B In the fission reaction n + ”5šU —> lJI + 39Y + neutrons, how many 
neutrons are produced? 


Eigure 31—4 shows the measured distribution of 5U fission fragments accord- 
ing to mass. Only rarely (about 1 ïn 10!) does a fission result in equal mass fragments 
(arrow In Fig. 31—4). 


(b) “hU (compound nucleus) 


(c) 


(q) 


FIGURE 31-3 Fission of a 2jU 
nucleus after capture of a neutron, 
according to the liquid-drop model. 


FIGURE 31-4 Mass distribution of 
fission frasments from ?5U + n. 
The small arrow indicafes equal mass 
fragments ( < (236 — 2) = 117, 
assuming 2 neutrons are liberated). 
Note that the vertical scale 1s 
logarithmrc. 
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A tremendous amount of energy 1s released In a fission reaction because the 
mass of ?3U is considerably greater than the total mass of the fission fragments 
plus released neutrons. This can be seen from the binding-energy-per-nucleon 
curve of Fig. 30-1; the binding energy per nucleon for uranium 1s about 
7.6 MeV/nucleon, but for fission fragments that have intermediate mass (in the 
cenfer portion of the graph, 44 100), the average binding energy per nucleon 1s 
about 8.5 MeV/nucleon. Since the fission fragments are more tiphtly bound, the 
sum of their masses Is less than the mass of the uranium. The difference in mass, 
or energy, between the oripinal uranium nucleus and the fission fragmentfs 1s about 
8.5 — 7.6 = 0.90MeV per nucleon. Because there are 236 nucleons involved 1n 
cach fission, the total energy released per Íission 1s 


(0.9 MeV/nucleon)(236 nucleons) ~ 200 MeV. (31-5) 


Thịs 1s an enormous amount of energy for one single nuclear event. At a practical 
level, the energy from one fission 1s tiny. But 1ƒ many such fissions could occur 
1n a short time, an enormous amount of energy at the macroscopIc level would 
be available. A number of physicists, including Fermi, recognized that the 
neutrons released in each fission (Eqs. 31-3 and 31-4) could be used to creafe a 
chain reacfion. That 1s, one neutron inifially causes one fission oŸ a uranium 
nucleus; the two or three neutrons released can øo on to cause additional fissions, 
so the process multiplies as shown schematically in Fig. 31—5. 

lf a self-susfaining chain reacfion was actually possible in practice, the 
enormous energy available im ñission could be released on a larger scale. Fermi 
and his co-workers (at the University of Chicago) showed it was possible by 
consfructing the first nuelear reacfor in 1942 (Eig. 31—6). 


——>® 


@) Neutron 
@ Fission fragment 
nuclel 


Qà TU nucleus 


FIGURE 31-5 Chain reaction. 


6 6® 66 6 G66 @ 


nuclear reactor, built by Fermi under the grandstand of 
Stagg Field at the University of Chicago. It is shown here 
under construction as a layer of praphife (used as 
moderafor) was being placed over a layer of natural 
uranium. Ôn December 2, 1942, Fermi slowly withdrew 
the cadmium control rods and the reactor went critical. 
Thịs ñirst self-sustaining chain reaction was announced to 
Washington, via telephone, by Arthur Compton who 
witnessed the event and reported: “The Italian navigator 
has Just landed In the new world.” 
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Nuclear Reactors 


Several problems have to be overcome to make any nuclear reactor funcfion. 
Eirst, the probability that a “5U nucleus will absorb a neutron is large only for 
slow neutrons, but the neutrons emitted during a fission (which are needed to 
sustain a chaïn reaction) are moving very fast. A substance known as a moderafor 
must be used to slow down the neutrons. The most effective moderator will 
consist of atoms whose mass Is as close as possIble to that of the neutrons. (To see 
why this 1s true, recall from Chapter 7 that a billiard ball striking an equal mass 
ball at rest can 1tself be stopped in one collision; but a billiard ball striking a 
heavy object bounces off with nearly unchanged speed.) The best moderator 
would thus contain 1H atoms. Unfortunately, 1H tends to absorb neutrons. But 
the isotope of hydrogen called đeueriưm, 1H, does not absorb many neutrons 
and is thus an almost ideal moderator. Either 1H or 7H can be used in the form of 
water. In the latter case, 1t is heavy wafer, in which the hydrogen atoms have 
been replaced by deuterium. Another common moderator 1s graphife, which 
consists of 4C atoms. 

A second problem 1s that the neutrons produced 1n one fission may be 
absorbed and produce other nuclear reactions with other nuclei In the reacfor, 
rather than produce further fissions. In a “light-water” reactor, the ¡H nuclei 
absorb neutrons, as does 25U to form ^32U in the reaction n + ”ŠU -> 3U + 7. 
Naturally occurring uraniumÏ contains 99.3% “ŠU and only 0.7% fissionable ®5U. 
To increase the probability of fission of ®ŠU nuclei, natural uranium can be 
enriched to increase the percentage of ®S5U by using processes such as diffusion 
Or centrifugation. Enrichment 1s not usually necessary for reactors using heavy 
water as moderator because heavy water doesn't absorb neutrons. 

The third problem 1s that some neutrons wIll escape through the surface of 
the reactor core before they can cause further fissions (Eig. 31-7). Thus the mass 
of fuel must be sufficiently large for a self-sustaining chan reaction to take place. 
The minimum mass of uranium needed 1s called the crifical mass. The value of 
the critical mass depends on the moderator, the fuel (2Pu may be used instead 
of “§U), and how much the fuel is enriched, ïf at all. Typical values are on the 
order of a few kilograms (that is, neither pgrams nor thousands of kilosgrams). 
Critical mass depends also on the average number of neutrons released per 
fission: 2.5 for “5U, 2.9 for ”2Pu so the critical mass for “4Pu is smaller. 

To have a self-sustainng chain reaction, on average at least one neutron 
produced 1n each fission must go on to produce another fission. The average 
number of neutrons per fission that do go on to produce further Íissions 1s 
called the neutron mulfiplication factor, ƒ. For a self-sustaining chain reaction, 
we must have ƒ >1. IÝ ƒ < 1, the reactor Is “subcritical” If ƒ > 1, 1t 1s 
“supercritical” (and could become dangerously explosive). Reactors are equipped 
with movable confrol rods (good neutron absorbers like cadmium or boron), whose 
function 1s to absorb neutrons and maintain the reactor at Just barely “critical,” 
ƒ=TI. 

The release of neutrons and subsequent fissions occur so quickly that 
manipulation of the confrol rods to maintainn ƒ = 1 would not be possIble 1Ÿ 1t 
werent for the small percentage (% 1%) of so-called delayed neutrons. 
They come from the decay of neutron-rich fission fraøments (or their daughters) 
having lifetimes on the order of seconds—sufficient to allow enouph reacfion 
time to operate the confrol rods and maintain ƒ = 1. 

Nuclear reactors have been buIlt for use in research and to produce electric 
pOWer. Fission produces many neutrons and a “research reactor” 1s basically an 
1nfense source of neutrons. These neutrons can be used as projectiles in nuclear 
reactions to produce nuclides not found 1n nature, including 1sotopes used as 
tracers and for therapy. A “power reactor” 1s used to produce electrIC DOWET. 


?2jŸU will fission, but only with fast neutrons (2U is more stable than ”ÿU). The probability of 


absorbing a fast neufron and producing a fission is too low to produce a self-sustaining chain reaction. 


(b) 


n 
FIGURE 31-7 If the amount of 


uranIum exceeds the critIcal mass, as 
in (a), a sustained chain reaction is 


possIble. If the mass 1s less than 


critical, as in (b), too many neutrons 


escape before additional fissions 


Occur, and the chain reaction 1s not 


susftained. 
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FIGURE 31-8 A nuclear reactor. 

The heat generated by the fission process 
1n the fuel rods 1s carried off by hot water 
or liquid sodium and 1s used to boil 
water to steam 1n the heat exchanger. 
The steam drives a turbine to generafe 
electricity and is then cooled in the 
condenser (to reduce pressure on the 
back side of the turbine blades). 


Control 


Condenser 


| Containment 
| vessel (shielding) 


Shielding 


Cooling water 

The energy released in the fission process appears as heat, which 1s used to boil 
water and produce steam to drive a turbine connectfed to an electric øgeneratOr 
(Fig. 31—8). The core of a nuclear reactor consisfs of the fuel and a moderator 
(water in most U.S. commercial reactors). The fuel is usually uranrum enriched 
so that it contains 2 to 4 percent “5U. Water at high pressure or other liquid (such 
as liquid sodium) 1s allowed to flow through the core. The thermal energy 1t 
absorbs 1s used to produce steam In the heat exchanger, so the fissionable fuel 
acts as the heat input for a heat engine (Chapter 15). 

There are problems associated with nuclear power plants. Besides the usual 
thermal pollution associated with any heat engine (Section 15—11), there 1s the 
serious problem of disposal of the radioactive fission fragments produced in 
the reactor, plus radioactive nuclides produced by neutrons interacting with the 
structural parts of the reactor. Fission fragments, like their uranium or plutonium 
parents, have about 50% more neutrons than protons. Nuclei with atomic 
number in the typical range for fission fragments (Z + 30 to 60) are stable only 
1ƒ they have more nearly equal numbers of protons and neutrons (see Fig. 30—2). 
Hence the highly neutron-rich fission fragments are very unstable and decay 
radioactively. The accidental release of highly radioactive Ïission fragments into 
the atmosphere poses a serious threat to human health (Section 31-4), as does 
possible leakage of the radioactive wastes when they are disposed of. The 
accidents at Three Mile Island, Pennsylvania (1979), at Chernobyl, Russia (1986), 
and at Eukushima, Japan (2011), have illustrated some of the dangers and have 


FIGURE 31-9 Smokce rising from shown that nuclear plants must be located, constructed, maintained, and oper- 
Fukushima, Japan, after the nuclear  ated with great care and precision (Fig. 31—9). 
power plant meltdown ïn 2011. Einally, the lifetime of nuclear power plants is limited to 30-some years, due 


to buildup of radioactivity and the fact that the structural materials themselves 
are weakencd by the Intense conditions Inside. The cost of “decommissioning” a 
power plant 1s very great. 

So-called breeder reacfors were proposed as a solution to the problem of limited 


supplies of fissionable uranium, “5U. A breeder reacfor is one in which some of the 


neutrons produced in the fission of 55U are absorbed by šU, and ?2Pu is produced 
via the set of reactions shown in Eig. 31—1. ?4Pu is fissionable with slow neutrons, 
SO affer separation it can be used as a fuel in a nuclear reactor. Thus a breeder 
reactor “breeds” new fuelÏ (?2Pu) from otherwise useless “šU. Natural uranium 
is 99.3 percent “jšU, which in a breeder becomes useful fissionable “¡Pu, thus 
1ncreasing the supply of fissionable fuel by more than a factor of 100. But breeder 
reactors have the same problems as other reactors, plus other serious problems. 
Not only is plutonium a serious health hazard In iself (radioactive with a half-life 
o£ 24,000 years), but plutonium produced ïn a reactor can readily be used In a bomb, 


1ncreasing the danger of nuclear proliferation and theft of fuel to produce a bomb. 
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Nuclear power presents risks. Other large-scale energy-conversion methods, 
such as conventional oil and coal-burning steam plants, also present health and 
environmental hazards; some of them were discussed in Section 15—11, and include 
air pollution, oil spills, and the release of CO; gas which can trap heat as in a 
øreenhouse to raise the Earth”s temperature. The solution to the world”s needs for 
energy 1s not only technological, but also economic and political. A major factor 
surely 1s to “conserve”——to minimize our energy use. “Reduce, reuse, recycle.” 


EXAMPLE 31-5 | Uranium fuel amount. Estimate the mininmum amount of 
“SU that needs to undergo fission in order to run a 1000-MW power reactor per 
year of continuous operation. Assume an efficiency (Chapter 15) of about 33%. 


APPROACH At33% efficiency, we need 3 x 1000 MW = 3000 x 1061/s input. 
Each fission releases about 200 MeV (Eq. 31-5), so we divide the energy for 
a year by 200 MeV to get the number of fissions needed per year. Then we 
multiply by the mass of one uranium atom. 


SOLUTION For 1000MW output, the total power generation needs to be 
3000 MW, of which 2000 MW 1s dumped as “waste” heat. Thus the total energy 
release in 1 yr (3 x 107s) from fission needs to be about 


(3 x 10?1/s)(3 x 107s) + 1071. 


TỶ each fission releases 200 MeV of energy, the number of fissions required for a 
V€AT IS 
(1071) 
(2 x 10#eV/fission)(1.6 x 10'?1/eV) 


~ 3 x 10”'fissions. 


The mass of a single uranium atom is about (235u)(1.66 x 10 ”?kg/u) % 
4 x 10” kg, so the total uranium mass needed is 


(4 x 10” kg/ñssion)(3 x 107 fissions) 1000 kg, 


or about a ton of ®5U. 


NOTE Because “5U makes up only 0.7% of natural uranium, the yearly require- 
ment for uranium 1s on the order of a hundred tons. This 1s orders of magnitude 
less than coal, both in mass and volume. Coal releases 2.8 < 10”J/kg, whereas 
“5U can release 10!” J per ton, as we just calculated, or 10'7J/10°kg = 10''J/kg. 
For natural uranium, the figure is 100 times less, 10'2 J/kg. 


EXERCISE € A nuclear-powered submarine needs 6000-kW input power. How many 


“§U fissions is this per second? 


Atom Bomb 


The first use of fission, however, was not to produce electric power. Instead, 1t 
was first used as a fission bomb (called the “atomic bomb”). In early 1940, with 
Europe already at war, Germany? leader, Adolf Hitler, banned the sale of 
uranium from the Czech mines he had recently taken over. Research into the 
fission process suddenly was enshrouded in secrecy. Physicists in the United 
Sfates were alarmed. A øroup of them approached Einstein——a man whose name 
was a household word—to send a letter to President Franklin Roosevelt about 
the possibilitles of using nuclear fission for a bomb far more powerful than any 
previously known, and Iinform him that Germany might already have begun 
development of such a bomb. Roosevelt responded by authorizing the program 
known as the Manhattan ProJect, to see 1ƒ a bomb could be built. Work began in 
earnest after Fermïs demonstration in 1942 that a sustained chain reaction was 
possible. A new secret laboratory was developed on an 1solated mesa in New 
Mexico known as Los Alamos. Under the direction of J. Robert Oppenheimer 
(1904-1967; Eig. 31—10), it became the home of famous scienftists from all over 
Europe and the United States. 


Oppenheimer, on the left, with 
General Leslie Groves, who was the 
administrative head of Los Alamos 
during World War II. The 
photograph was taken at the Trinity 
site In the New Mexico desert, where 
the first atomic bomb was exploded. 
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month after the bomb was dropped 
on Nagasakl. The shacks were 
consfructed afterwards from debris 


1n the ruins. The bombs dropped on 
Hiroshima and Nagasaki were each 
equivalent to about 20,000 tons of 


the common explosive TẤT (~ 10! J). 


FIGURE 31-12 Average binding 
energy per nucleon as a function of 
mass number 4 for stable nucle1. 


Same as Hig. 30-1. 
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To build a bomb that was subcrifical during transport but that could be made 
supercrifical (to produce a chain reaction) at just the right moment, two pieces Of 
uranium were used, each less than the critical mass but together greater than the 
critical mass. The tfwo masses, kept separate until the moment of detonation, 
were then forced together quickly by a kind of gun, and a chain reaction of 
explosive proportions occurred. An alternate bomb detonated conventional 
explosives (TT) surrounding a plutonium sphere to compress 1t by Implosion to 
double 1ts density, making 1t more than critical and causing a nuclear explosion. 
The first fission bomb was tested in the New Mexico desert in July 1945. It was 
successful. In early August, a fission bomb using uraniuim was dropped on 
Hiroshima and a second, using plutonium, was dropped on Nagasaki (Eig. 31—11), 
both mm Japan. World War II ended shortly thereafter. 

Besides 1ts destructive power, a fission bomb produces many highly radio- 
active fission fragments, as does a nuclear reactor. When a fission bomb explodes, 
these radioacfive 1sotopes are released into the atmosphere as radioacfive fallout. 

Testing of nuclear bombs In the atmosphere after World War II was a cause 
Of concern, because the movement oŸ air masses spread the fallout all over the ølobe. 
Radioactive fallout eventually settles to the Earth, particularly in rainfall, and 1s 
absorbed by plants and grasses and enters the food chan. This 1s a far more serIOus 
problem than the same radioactivity on the exterior of our bodies, because œ and 
B particles are lareely absorbed by clothing and the outer (dead) layer of skin. But 
1nside our bodies as food, the Isotopes are in confact with living cells. One particu- 
larly dangerous radioactive isotope is 2sSr, which is chemically much like calcium 
and becomes concentrated in bone, where 1t causes bone cancer and destroys bone 
marrow. The 1963 treaty signed by over 100 nations that bans nuclear weapons 
testing in the atmosphere was motivated because of the hazards of fallout. 


31-3 Nuclear Fusion 


The mass of every stable nucleus 1s less than the sum of the masses OÝ 1s consfi- 
tuent protons and neutrons. For example, the mass of the helium isotope 3He 
1S less than the mass of two protons plus two neutrons, Example 30-3. IỶ two 
protons and two neutrons were to come together to form a helium nucleus, there 
would be a loss of mass. This mass loss 1s manifested 1n the release Of energy. 


Nuclear Fusion; Stars 


The process of building up nuclei by bringing together individual protons and 
neufrons, or building larger nuclei by combining small nuclel, 1s called nuclear fusion. 
In Fig.31—12 (same as Fig. 30—1), we can see why small nuclei can combine to form 
larger ones with the release of energy: 1t is because the binding energy per 
nucleon 1s less for light nucle1 than It is for heavier nuclei (up to about 4 + 60). 
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For two posifively charged nuclel to get close enouph to fuse, they must have very 
high kinetic energy to overcome the electric repulsion. It 1s believed that many of 
the elements m the universe were originally formed throuph the process of fusion 
1n sfars (see Chapter 33) where the temperature is extremely high, corresponding 
to hiph KE (Edq. 13-8). Today fusion 1s still producing the prodigious amounts of 
light energy (EM wave§) sfars emit, Including our Sun. 


EXAMPLE 31-6 | Fusion energy release. One of the simplest fusion reac- 
tions involves the production of deuterium, 7H, from a neutron and a proton: 
iH+n — jH +7. How much energy is released ¡in this reaction? 


APPROACH The energy released equals the difference in mass (times c?) 
between the 1mitial and final masses. 


SOLUTION From Appendix B, the initial mass 1s 
1.007825u + 1.008665u = 2.016490u, 


and after the reaction the mass is that of the 7H, namely 2.014102u (the 7 ¡s 
massless). The mass difference 1s 


2.016490u — 2.014102u = 0.00238§u, 
so the energy released 1s 
(Am)c” = (0.002388u)(931.5MeV/u) = 2.22MeV, 


and it is carried off by the 7H nucleus and the 7 ray. 


The energy output of our Sun 1s believed to be due principally to the following 
Sequence of fusion reactIons: 


H+¡jH >Ï7H+eÌ + (042MeV)  (3l-6a) 
†H +?H —> jHe + Y (549MeV)  (31-6b) 
3He + jHe — ?He + 1H + ¡H. (1286MeV)  (3l-6c) 


where the energy released (@-value) for each reaction Is øiven in parentheses. 
These reactions are between nuclei (without electrons at these very high tempera- 
tures); the first reaction can be wriften as 


p†+p->d+tef+z 
where p = proton and d = deuteron. The net effect of this sequence, which 1s 


called the proton-proton chaïn, is for four protons to combine to form one 3He 
nucleus plus two positrons, two neufrinos, and two gamma rays: 
41H — ;He + 2e† + 2p + 27. (31-7) 

Note that ït takes two of each of the first two reactions (Egqs. 31—6a and b) to produce 
the two 3He for the third reaction. So the total energy release for the net reaction, 
Eq.31-7, is (2 x 0.42 MeV + 2 x 5.49 MeV + 12.86 MeV) = 24.7 MeV. In addi- 
tion, each of the two e” (Eq. 31—6a) quickly annihilates with an electron to produce 
2 rays (Section 27—6) with total energy 2„c” = 1.02 MeV; so the total energy 
released is (24./7MeV + 2x 1.02MeV) = 26.7MeV. The first reaction, the 
formation of deuterium from two protons (Eq. 31-6a), has a very low probability, 
and so limits the rate at which the Sun produces energy. (Thank goodness! This 
1s why the Sun 1s still shining brightly.) 

EXERCISE D Return to the Chapter-Opening Question, page 885, and answer it again 

now. Try to explain why you may have answered it differently the first time. 


EXAMPLE 31-7 _ESTIMATE | Estimating fusion energy. Estimate the 


energy released 1f the following reaction occurred: 
¡H +1H — ?He. 
APPROACH We use Fig. 31—12 for a quick estimate. 
SOLUTION We see in Eig. 31—12 that cach ?H has a binding energy of about 
11MeV/nucleon, which for 2 nuclei of mass 2is 4 x (14) ~ 5 MeV. The ?3He has 


a bmding enerey per nucleon (Fig.31—12) ofabout 7 MeV for a total of 4 < 7MeV + 
28MeV. Hence the energy release 1s about 28 MeV — 5MeV + 23 MeV. 


Proton— 
proton 


chain 


SECTION31-3 885 


Carbon 


cycle 


@® PHYSICS APPLIED 
FUsiOH eH€TSY reqaClOTS 


In stars hotter than the Sun, 1 is more likely that the energy oufput comes 
principally from the carbon (or CNO) cycle, which comprises the following 
Sequence of reactions: 


ˆC+]H 
TẤN 
ĐC +1H 
l*N+ịH 
!O —> lNÑ +el + 
EN + †H — '2C + ?He. 


= 
= 
.. 
=- 


No net carbon 1s consumed 1n this cycle and the net effect 1s the same as the 
proton-proton chain, Eq. 31-7 (plus one extra 7). The theory of the proton— 
proton chain and of the carbon cycle as the source of energy for the Sun and sfars 
was first worked out by Hans Bethe (1906-2005) in 1939. 


CONCEPTUAL EXAMIPLE 31-8 | Stellar fusion. What ¡is the heaviest 


element likely to be produced In fusion processes 1n stars? 


RESPONSE Fusion ¡s possible If the final products have more binding energy 
(less mass) than the reactants, because then there ¡is a net release of energy. 
Since the binding energy curve in Fig. 31—12 (or Eig. 30—1) peaks near 4 % 56 
to 58 which corresponds to Iron or nickel, it would not be energetically 
favorable to produce elements heavier than that. NÑevertheless, in the center of 
1nassIve sfars or In supernova exploslons, there 1s enough Inifial kinetic energy 
available to drive endothermic reactions that produce heavier elements as well. 


EXERCISE E If the Sun is generating a constant amount of energy via fusion, the mass 
of the Sun must be (đ) increasing, (5) decreasing, (c) constant, (đ) irregular. 


Possible Fusion Reactors 


The possibility of utilizing the energy released 1n fusion to make a pOWeT reactOr 
1S Very aftractive. The fusion reactions most likely to succeed 1n a reactor 1nvolve 
the isotopes of hydrogen, 7H (deuterium) and ?H (triium), and are as follows, 
with the energy released g1ven In parentheses: 


7H +7H >jH+]H (4.03 MeV) (31-8a) 
4H +7H — ÿHe +n (3.27 MeV) (31-8b) 
1H + jH —> ‡He + n. (17.59 MeV) (31-8c) 


Comparing these energy yields with that for the fission of “5U, we can see that the 
energy released In fusion reactions can be greater for a gIven mass of fuel than in 
fission. Furthermore, as fuel, a fusion reactor could use deuterium, which 1s very 
plentiful in the water of the oceans (the natural abundance of ?H is 0.0115% on 
average, or about 1 g of deuterium per 80 L of water). The simple proton—proton 
reaction of Eq. 31-6a, which could use a much more plentiful source of fuel, 
1H, has such a small probability of occurring that it cannot be considered a possi- 
bility on Earth. 

Although a useful fusion reactor has not yet been achieved, considerable 
progress has been made In overcoming the inherent difficulties. The problems are 
associated with the fact that all nuclei have a positive charge and repel each other. 
However, 1ƒ they can be broupht close enough together so that the short-range 
aftractive strong nuclear force can come Info play, 1t can pull the nuclei together 
and fusion can occur. For the nuclei to get close enough together, they must have 
large kmetic energy to overcome the electric repulsion. Hiph kimetic energIes are 
readily attainable with particle accelerators (Chapter 32), but the number of partI- 
cles immvolved 1s too small. To produce realistic amounts of energy, we must deal 
with matter In bulk, for which hiph kinetic energy means higher temperaftures. 
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Indeed, very high temperatures are required for sustained fusion to occur, and 
fusion devices are often referred to as thermonuclear devices. The InferIors of the 
Sun and other stars are very hot, many millions of degrees, so the nuclei are 
moving fast enough for fusion to take place, and the energy released keeps the 
temperature high so that further fusion reactions can occur. The Sun and the stars 
represent huge self-sustaining thermonuclear reactors that stay together because 
Of theIr great øravitatlonal mass. But on Earth, containment of the fast-moving 
nuclei at the high temperatures and densifIes required has proven difficult. 

It was realized after World War II that the temperature produced withim a 
fission (or “atomic”) bomb was close to 10Š K. This suggested that a fission bomb 
could be used to ignite a fusion bomb (popularly known as a thermonuclear or 
hydrogen bomb) to release the vast energy of fusion. The uncontrollable release 
of fusion energy in an H-bomb (in 1952) was relatively easy to obtain. But to 
realize usable energy from fusion at a slow and controlled rate has turned out to 
be a serious challenge. 


EXAMPLE 31-9 _ ESTIMATE | Temperature needed for d-t fusion. 


Estimate the temperature required for deuterium-tritium fusion (d—t) to OcCur. 


APPROACH We assume the nuclei approach head-on, each with kmetic energy KE, 
and that the nuclear force comes Into play when the distance between their cen- 
ters equals the sum of their nuclear radii. The electrostatic potential energy 
(Chapter 17) of the two particles at this distance equals the minimum total 
kimetic energy of the two particles when far apart. The average kinetic ener8y 1s 
related to Kelvin temperature by Eq. 13-8. 


SOLUTION The radi of the two nuclel (244 = 2 and 4; = 3) are given by 
Eq. 30-1: rạ + 1.5fm, rị + 1/7fm, so rạ + r= 3⁄2 x 10m. We equate 
the kinetic energy of the two 1mitial particles to the potential energy when at this 


distance: 
2 


€e 
2KE + —— — 
Bài 47g (ra + r) 
dã 1.6 x 10” CỬ 
x lo xi iOS ụ : D ~ 0.45 MeV, 
C7 jJ(32 x 10 m)(1.6 x 101/eV) 


Thus, KE + 0.22MeV, and 1f we ask that the average kinetic energy be this 
high, then from Eq. 13-8, šk7 = KE, we have a temperature of 

KEE -13 

`. 2KE _ 2(0.22 MeV)(1.6 x 108J/MeV) "acc 

3k 3(138 x 1031/K) 
NOTE More careful calculations show that the temperature required for fusion 
1S actually about an order of magnitude less than this rough estimate, partly 
because 1f is not necessary that the zerage kinetic energy be 0.22 MeV——a small 
percentage of nuclei with this much enersy (im the hiph-energy tail of the Maxwell 
distribution, Fig. 13-20) would be sufficient. Reasonable estimates for a usable 
fusion reactor are in the range 7 >= 1 to 4 x 10K. 


A hiph temperature 1s required for a fusion reactor. But there must also be 
a high density of nuclei to ensure a sufficiently high collision rate. A real diffi- 
culty with controlled fusion 1s to contain nuclei long enough and at a hiph 
enouph density for sufficlent reacftions fo occur so that a usable amount of 
enerøy 1s obfained. At the temperatures needed for fusion, the atoms are 1on1zed, 
and the resulting collection of nuclei and electrons 1s referred to as a plasma. 
Ordinary materials vapor1ze at a few thousand degrees at most, and hence cannot 
be used to contain a high-temperature plasma. TWwo maJor containment techniques 
are magnetic confinememt and inertial confinemenI. 

In magnefic confinement, magnetic fields are used to try to confain the hot 
plasma. A simple approach 1s the “magnetic bottle” shown 1n Fig. 31—13. The 
paths of the charged particles 1n the plasma are bent by the magnetic field; where 
magnetic field lines are close together, the force on the particles reflects them 


Currenf-carrying wires 


Magnetic field lines 


Plasma 


FIGURE 31-13 “Magnetic bottle” 


used to confine a plasma. 
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FIGURE 31-14 Tokamak 
configuration, showing the total B 
field due to external current plus 
current In the plasma 1tself. 


FIGURE 31-15 (a) Tokamak: split 
1mage view of the Joint European 
Torus (JET) located near Oxford, 
England. Interior, on the left, and an 
actual plasma in there (T 1 x 10ŸK) 
on the right. (b) A 2-mm-diameter 
round d~t (deuterium-tritium) 
1nertial target, being filled through 
a thin glass tube from above, at the 
National Ignition Facility (NIF), 
Lawrence Livermore National 
Laboratory, California. 
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back toward the center. Unfortunately, magnetic bottles develop “leaks” and 
the charged particles slip out before sufficilent fusion takes place. The most 
promising design today 1s the tokamak, first developed in Russia. A tokamak 
(Eig. 31—14) 1s toroid-shaped (a torus, which 1s like a donuf) and involves compli- 
cated magnetic fields: current-carrying conducfors produce a magnetic field 
directed along the axis of the toroid (“toroidal” field); an additional field is pro- 
duced by currents within the plasma i(self (“poloidal” field). The combination 
produces a helical field as shown In Fig. 31-14, confining the plasma, at least 
briefly, so it doesn't touch the vacuum chamber”s metal walls (Eig. 31—15a). 

In 1957, J.D. Lawson showed that the product of ion density # (= ions/mỶ) 
and confinement time 7 must exceed a minimum value of approximately 

mr = 3 x 109s/mi. 

Thịs Lawson criferion must be reached to produce ignifion, meaning fusion that 
confinues after all external heating 1s turned off. Practically, 1t is expected to be 
achieved with w % 1 to 3 109m and 7 + 1to3 s. To reach break-even, the 
point at which the energy output due to fusion 1s equal to the energy Input to heat 
the plasma, requires an øz about an order of magnitude less. The break-even 
point was very closely approached 1n the 1990s at the Tokamak Fusion Test 
Reactor (TFTR) at Princeton, and the very high temperature needed for ignition 
(4 < 10K) was exceeded—although not both of these at the same time. 

Magnetic confinement fusion research continues throughout the world. Thịs 
research will help us in developing the huge multinational test device (European 
Union, India, Japan, South Korea, Russia, China, and the U.S.), called [TER 
(International Thermonuclear Experimental Reactor). It is hoped that [TER will 
be finished and running by 2020, in France, with an expected power oufput of 
about 500 MW, 10 times the Input energy. [TER 1s planned to be the final research 
step before building a working reactOr. 

The second method for containing the fuel for fusion 1s inertial coninement 
fusion (ICFE): a small pellet or capsule of deuterium and triium (Eig. 31—1Sb) 1s 
struck simultaneously from hundreds of directions by very intense laser beams. The 
Iintense influx of energy heats and 1on1zes the pellet into a plasma, compressing 
it and heating it to temperatures at which fusion can occur (>10ŸK). The 
confinement time is on the order of 10†! to 10 ”s, during which time the ions do 
not move appreciably because oŸ theIr own Inertia, and fusion can take place. 


31-4 Passage of Radiation Through 
Matter; Biological Damage 


'When we speak of rađiafion, we 1include œ, Ø8, 7, and X-rays, as well as protons, 
neutrons, and other particles such as pions (see Chapter 32). Because charged 
particles can Ion1ze the atoms or molecules of any material they pass through, they 
are referred to as ionizing radiafion. And because radiation produces 1on1zation, 
1t can cause considerable damage to materials, particularly to biological tissue. 
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Charged particles, such as z and 6 rays and protons, cause 1on1zafion because 
Of electric forces. That 1s, when they pass through a material, they can attract or 
repel electrons strongly enough to remove them from the atoms of the material. 
Since the œ and 6 rays emitted by radioactive substances have energies on the 
order of 1 MeV (10! to 107eV), whereas ionization of atoms and molecules 
requires on the order of 10 eV (Chapter 27), we see that a sinple œ or ổ particle 
can cause thousands of Ion1zaflons. 

Neutral particles also ø1ve rise to Ionization when they pass through materials. 
For example, X-ray and 7-ray phofons can 1onize atoms by knocking out electrons 
by means of the photoelectric and Compton effects (Chapter 27). Furthermore, 1Ý 
a 7 ray has sufficient energy (greater than 1.02 MeV), it can undergo paIr pro- 
duction: an electron and a positron are produced (Section 27-6). The charged 
parfticles produced 1m all of these processes can themselves øo on to produce further 
10n1Zation. Neutrons, on the other hand, interact with matter mainly by collisions 
with nuclei, with which they interact strongly. Often the nucleus is broken apart by 
such a collision, altering the molecule of which 1t was a part. The frapments 
produced can 1n turn cause 1on1zafion. 

Radiation passing through matter can do considerable damage. Metals and 
other structural materials become brittle and therr strength can be weakened 1Ÿ 
the radiation 1s very Intense, as In nuclear reactor power plants and for space 
vehicles that must pass through areas oŸ intense cosmic radiation. 


Biological Damage 

The radiation damage produced 1n biological organisms 1s due primarily to 1lon- 
1zation produced In cells. Several related processes can occur. lons or radicals are 
produced that are highly reactive and take part in chemical reactions that Interfere 
with the normal operation of the cell. All forms of radiation can 1on1ze atoms by 
knocking out electrons. IỶ these are bonding electrons, the molecule may break 
apart, Or 1fs structure may be altered so that 1t does not perform 1fs normal function 
or may perform a harmful function. In the case of proteins, the loss of one molecule 
1S Of SerIOus 1ƒ there are other copIes of the protein m the cell and additional coples 
can be made from the gene that codes for 1t. However, large doses of radiation may 
damaøge so many molecules that new coples cannot be made quickly enough, and 
the cell dies. 

Damage to the DNA 1s more serious, since a cell may have only one copy. 
Each alteration In the DNA can affect a gene and alter the molecule that gene 
codes for (Section 29—3), so that needed proteins or other molecules may not be 
made at all. Again the cell may die. The death of a single cell is not normally a 
problem, since the body can replace 1t with a new one. (There are exceptions, 
such as neurons, which are mostly not replaceable, so their loss is serious.) But If 
many cells die, the organism may not be able to recover. On the other hand, a cell 
may survive but be defective. It may go on dividing and produce many more 
defective cells, to the detriment of the whole organism. Thus radiation can cause 
cancer——the rapid uncontrolled production of cells. 

The possible damage done by the medical use of X-rays and other radiation 
must be balanced agaInst the medical benefits and prolongation of hfe as a result 
of theIr diagnostic use. 


@® PHYSICS APPLIED 
Biological radiation damage 


31-5 Measurement of Radiation— 
Dosimetry 


Althouph the passage of Ion1zing radiation through the human body can cause 

considerable damage, radiation can also be used to treat certain diseases, particu- 

larly cancer, often by using very narrow beams directed at a cancerous tumor 1n 

order to destroy 1t (Section 31—6). It is therefore Important to be able to quantify @® PHYSICS APPLIED 
the amount, or dose, of radiation. Thịs 1s the subJect of dosimetry. Dosimetry 
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S9Š*CAUTION 
In the lab, actiuity will 
be less than turitten on the 
bottle—note the date 


The strength of a source can be specified at a given time by stating the 
source acfivify: how many nuclear decays (or disintegrations) occur per second. 
The traditional unit ¡s the curie (Cï), defned as 


1Ci = 3.70 x 10! decays per second. 


(This number comes from the oripinal definition as the activity of exactly one 
gram of radium.) Althousgh the curle ¡s still in common use, the SĨ unif for source 
activity 1s the becquerel (Bq), defined as 


1Bq = 1decay/s. 


Commercial suppliers of radionuelides (radioactive nuclides) used as tracers spec- 
1fy the activity at a given time. Because the activity decreases over time, more SO 
for short-lived 1sotopes, 1f 1s Important to take this decrease IntO accounIt. 

The magnitude of the source activity, AN/Af, ¡s related to the number of 
radioactive nuclei present, , and to the half-life, 71, by (see Section 30—6): 


AN 0.693 
= ÀN = : 
Af Ñ nụ 


Radioactivity taken up by cells. In a certain experiment, 
0.016 Ci of j§P is injected into a medium containing a culture of bacteria. After 
1.0h the cells are washed and a 70% efficient detector (counts 70% of emitted 
B rays) records 720 counts per minute from the cells. What percentage of the 
original j‡P was taken up by the cells? 

APPROACH The half-life of j‡P ¡is about 14 days (Appendix B), so we can ignore 
any loss of activity over 1 hour. From the gIven actfivity, we find how many 8 rays 
are emitted. We can compare 70% of this to the (720/min)/(60 s/min) = 12 per 
second đetected. 


SOLUTION The total number of decays per second originally was 
(0.016 x 10ˆ5)(3.7 x 109) = 590. The counter could be expected to count 70% 
of this, or 410 per second. Since it counted 720/60 = 12 per second, then 
12/410 = 0.029 or 2.9% was incorporated into the cells. 


Another type of measuremernt is the exposure or absorbed dose——that 1s, the 
eƒƒfect the radiation has on the absorbing material. The earliest unit of dosaøe was 
the roenfgen (R), defined in terms of the amount of ionization produced by the 
radiation (1R = 1.6 x 10! ion pairs per gram of dry air at standard conditions). 
Today, 1R 1s defned as the amount of X-ray or 7 radiation that deposIts 
0.878 x 10 ”J of energy per kilogram of air. The roentgen was largely super- 
seded by another unit of absorbed dose applicable to any type of radiation, the 
rad: /rad ¡s that amount öƒ radiation tuhich deposilS eHergy per Hit mass ðŸ 
1.00 10 2J/kg in any absorbing maferial. (Thïs is quite close to the roentgen 
for X- and 7 rays.) The proper SI unit for absorbed dose ¡s the gray (Gy): 


1Gy = 1]/kg = 100rad. (31-9) 


The absorbed dose depends not only on the energy per particle and on the strength 
Of a øiven source or oÝ a radiation beam (number of particles per second), but 
also on the type of material that 1s absorbing the radiation. Bone, for example, 
absorbs more of X-ray or 7 radiation normally used than does flesh, so the same 
beam passing through a human body deposits a preater dose (in rads or øray$) In 
bone than In flesh. 

The gray and the rad are physical units of dose—the energy deposited per 
unit mass of material. They are, however, not the most meaningful units for 
measuring the biological damage produced by radiation because equal doses of 
different types of radiatlon cause dđiffering amounts of damage. For example, 
1 rad of ø radiation does 10 to 20 times the amount of damage as 1 rad of 8 or 
7 rays. This difference arises lareely because œ rays (and other heavy particles 
such as protons and neutrons) move much more slowly than Ø and 7 rays of equal 
energy due to the1r øreater mass. Hence, 1on1zing collisions occur closer together, 
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so more 1rreparable damage can be done. The relafive biological effectiveness 
(RBE) of a given type of radiation is defined as the number of rads of X-ray or 
7 radiation that produces the same biological damage as 1rad of the given 
radiation. For example, 1 rad of slow neutrons does the same damaøe as 5radsof  Type RBE 


TABLE 31-1 Relative 
Biological Effectiveness (RBE) 


X-rays. Table 31—1 gives the RBE for several types of radiation. The numbersar€  x_anqy Tays 1 
approximate because they depend somewhat on the energy of the particles and 


lect 1 
on the type of damage that 1s used as the criterion. 4 tin, 2 
The effective dose can be given as the product of the dose in rads and the SỊ s 
RBE, and this unit is known as the rem (which stands for rad equi0alent man): SE SENHREDD 
Fasft neutrons 10 
effective dose (nrem) =  dose (in rad) < RBE. (G31-10a)  „ particles and ~20 
Thĩs unit is being replaced by the SĨ unit for “effective dose,” the sieverf (Sv): heavy ions 
effective dose (Sv) =_ dose (Gy) x RBE (31-10b) 
SO 
1Sv = 100rem OT lrem = 10mSv. 


By these definitions, 1 rem (or 1 Sv) of any type of radiation does approximately 
the same amount of biological damaøe. For example, 50 rem of fast neutrons does 
the same damaøge as 50 rem of 7 rays. But note that 50 rem of fast neutrons 1s only 
5 rads, whereas 50 rem of 7 rays 1s 50 rads. 


Human Exposure to Radiation 


We are constantly exposed to low-level radiation from natural sources: cosmic @® PHYSICS APPLIED 
rays, natural radioacfivity in rocks and soil, and naturally occurring radioacfive Radon 

isotopes in our food, such as 19K. Radon, “2Rn, is of considerable concern today. 

lt 1s the product of radium decay and 1s an Iintermediate In the decay series from 

uranium (see Eig. 30-11). Most intermediates remain in the rocks where formed, 

but radon 1s a gas that can escape from rock (and from buildineg material like 

concrete) to enfer the air we breathe, and damage the Iinterior of the lung. 

The natural radioactive background averages about 0.30 rem (300 mrem) per @® PHYSICS APPLIED 
year per person In the U.S., although there are large variations. From medical Human radiation exposure 
X-rays and scans, the averagøe person receives about 50 to 60 mrem per year, ø1ving 
an average total dose of about 360 mrem (3.6 mSv) per person. U.S. øovernment 
regulators suggest an upper limit of allowed radiation for an Iindividual in the 
general populace at about 100 mrem (1 mSv) per year in addition to natural back- 
ground. It 1s believed that even low doses of radiation imncrease the chances of 
cancer or genetic defects; there 1s 7o saƒe level or threshold of radiation eXpOoSure. 

The upper limit for people who work around radiation——in hospitals, In 
power plants, in research—has been set hipher, a maximum of 20 mSvy (2 rem) @® PHYSICS APPLIED 
whole-body dose, averaged over some years (a maximum of 50 mSv (5 rem/yr) in Radiation tuorker eXposure 
any one year). To monifor exposure, those people who work around radiation Tihm badge 
generally carry some type of dosimeter, one common type being a radiation film 
badge which 1s a piece of ñlm wrapped ¡n light-tight material. The passage of 
10n1ZIng radiation throuph the film changes 1t so that the film 1s darkened upon 
development, and thus Iindicates the received dose. Newer types Include the 
thermoluminescent dosimeter (TLD). Dosimeters and badges do not protect the 
worker, but hiph levels detected suggest reassigenment or modified work practices 
to reduce radiation exposure to acceptable levels. 

Large doses of radiation can cause unpleasant symptoms such as nausea, 
fatigue, and loss of body hair, because of cellular damage. Such effects are some- 
times referred to as radiation sickness. Very large doses can be fatal, although the @® PHYSICS APPLIED 
time span of the dose 1s Important. A brief dose of 10 Sv (1000 rem) 1s nearly Radiation sickness 
always fatal. A 3-Sv (300-rem) dose In a short period of time 1s fatal in about 
50% of patients within a month. However, the body possesses remarkable repalr 
processes, so that a 3-Sv dose spread over several weeks 1s usually not fatal. It 
will, nonetheless, cause considerable damage to the body. 

The effects of low doses over a long time are difficult to determine and are 
not well known as yet. 
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FIGURE 31-16 Radiation spreads 
out In all đirections. A person 4.0m 
away Intercepts only a fraction: her 
cross-sectional area divided by the 
area of a sphere of radius 4.0 m. 
Example 31-12. 
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Radon exposure 


CONCEPTUAL EXAMIPLE 31-11 | Limiting the dose. A worker ¡in an 


environment with a radioactive source 1s warned that she 1s accumulating a dose 
too quickly and wIll have to lower her exposure by a factor oÝ ten to conftinue 
working for the rest of the year. If the worker 1s able to work farther away from 
the source, how much farther away 1s necessary? 


RESPONSE If the energy ¡s radiated uniformly in all directions, then the 
intensity (dose/area) should decrease as the distance squared, just as it does for 
sound and light. If she can work four times farther away, the exposure lowers by 
a factor of sixteen, enough to make her safe. 


Whole-body dose. What whole-body dose is received by 
a 70-kg laboratory worker exposed to a 40-mCi Co source, assuming the 
person”s body has cross-sectional area 1.5 m” and is normally about 4.0m from 
the source for 4.0h per day? Co emits 7 rays of energy 1.33 MeV and 1.17 MeV 
in quick succession. Approximately 50% of the 7 rays Interact in the body and 
deposit all their energy. (The rest pass throuph.) 

APPROACH OI the given energy emitted, only a fraction passes through the 
worker, equal to her area đivided by the total area (or 4zr”) over a full sphere of 
radius r = 4.0m (Fig. 31-16). 

SOLUTION The total 7-ray energy per decay 1s (1.33 + 1.17) MeV = 2.50 MeV, 
so the total energy emitted by the source per second 1s 


(0.040 C¡)(3.7 x 10!9 decays/Ci-s)(2.50 MeV) = 3.7 x 10?MeV/s. 


The proportion of this energy intercepted by the body ¡s its 1.5-m” area divided 
by the area of a sphere of radius 4.0 m (Fig. 31—16): 


1.5m? 1.5m? 
4mr7 4r(4.0m)? 


= Tà t TẾ”. 


So the rate energy ¡is deposifed in the body (remembering that only 50% of the 
7 rays Interact in the body) Is 


E = (375 x10°3)(3.7x 10?MeV/s)(1.6 x108J/MeV) = 2.2X1051/s. 


Since 1Gy = 11J/kg, the whole-body dose rate for this 70-kø person is 
(2.2 x 10 51/s)/(70 kg) = 3.1 x 10 *Gy/s. In 4.0h, this amounts to a dose of 


(4.0 h)(3600 s/h)(3.1 x 10°Gy/s) = 4.5 x 10“Gy. 


RBE + 1 for gammas, so the effective dose 1s 450 Sv (Eqs. 31—10b and 31—9) 
OF: 


(100 rad/Gy)(4.5 x 10 *Gy)(1rem/rad) = 45mrem = 0.45mS§v. 


NOTE This 45-mrem effective dose is almost 50% of the normal allowed dose 
for a whole year (100 mrem/yr), or 1% of the maximum one-year allowance for 
radiation workers. This worker should not receive such a large dose every day 
and should seek ways to reduce it (shield the source, vary the work, work 
farther from the source, work less time this close to source, efc.). 


We have assumed that the intensity of radiation decreases as the square of the 
distance. It actually falls off faster than 1/z” because of absorption ¡n the air, so 
Our answers are a slighf overestimate of dose received. 


Radon exposure. In the U.S., yearly deaths from radon 
exposure (the second leading cause of lung cancer) are estimated to exceed 
the yearly deaths from drunk driving. The Environmental Protection Agency 
recommends taking action to reduce the radon concenftration 1m living areas 1ƒ 1t 
exceeds 4 pCi/L of air. In some areas 50% of houses exceed this level from nat- 
urally occurring radon ¡n the soil. Estimate (2) the number of decays/s in 1 mỶ 
of air and (b) the mass of radon that emits 4.0 pCi of “4Rn radiation. 


902 CHAPTER31 Nuclear Energy; Effects and Uses of Radiation 


APPROACH We can use the definition of the curie to determine how many 
decays per second correspond to 4pCi, then Eq. 30-3b to determine how 
many nuclei of radon it takes to have this activity AN/Ai. 


SOLUTION (ø¿) We saw at the start of this Section that 1 C¡ï = 3.70 x 1019 decays/s. 
Thus 


AN 
Af 


= 40pCi = (4.0 x 1012Ci)(3.70 x 1019 decays/s/Cï) 


0.148 s1 


per lier of air In 1mẺ of air (1m = 105cm = 10L) there would be 
(0.148 s1)(1000) = 150 decays/s. 


(b) From Egqs. 30-3b and 30-6 


Appendix B tells us 7¡ = 3.8235 days for radon, so 
x= (AM. 

Ar j 0.693 
(3.8235 days)(8.64 < 10!s/day) 


0.693 
=_ 7.06 x 10!atoms of radon-222. 


= (0.148s”)) 


The molar mass (222 u) and Avogadros number are used to find the mass: 


(7.06 x 10°atoms)(222 g/mol) 
6.02 x 102 atoms/mol 


= 26x 10g 


or 26 aftograms in 1L of air at the limit of 4pCi/L. This 2.6 x 10 '”g/L is 
2.6 x 10”! grams of radon per mỶ of air. 

NOTE Each radon atom emits 4 œ particles and 4 8 particles, each one capable 
Of causing many harmful 1onizations, before the sequence of decays reaches a 
stable element. 


*3l—-6 Radiation Therapy 


The medical application of radioacfivity and radiation to human beings 1nvolves 
two basic aspec(s: (1) radiation therapy—the treatment of disease (mainly 
cancer)——which we discuss In this Section; and (2) the đ/agnosis of disease, which 
we điscuss In the following Sections of this Chapter. 

Radiation can cause cancer. It can also be used to treat 1t. Rapidly growing 
cancer cells are especially susceptible to destruction by radiation. Nonetheless, 
large doses are needed to kill the cancer cells, and some of the surrounding 
normal cells are mmevitably killed as well. It 1s for this reason that cancer patlents 
receiving radiation therapy often suffer side effects characteristic of radiation 
sickness. To minimize the destruction of normal cells, a narrow beam of 7 or 
X-rays 1s often used when a cancerous tumor 1s well localized. The beam 1s 
đirected at the tumor, and the source (or body) 1s rotated so that the beam passes 
throuph various parts of the body to keep the dose at any one place as low as 
possIble—except at the tumor and 1ts Immediate surroundinss, where the beam 
passes at all times (Fig. 31—17). The radiation may be from a radioacfive source 
such as Co, or it may be from an X-ray machine that produces photons in 
the range 200 keV to 5 MeV. Protons, neutrons, electrons, and pions, which are 
produced in particle accelerators (Section 32-1), are also being used In cancer 
therapy. 


@® PHYSICS APPLIED 
Radiation therapy 


FIGURE 31-17 Radiation source 
rofates so that the beam always 
passes through the diseased tissue, 
but minimizes the dose in the rest of 
the body. 
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FIGURE 31-18 Enersgy deposited in tissue 
as a function of depth for 170-MeV protons 
(red curve) and 190-MeV protons (green). 
The peak of each curve 1s often called the 


Bragg peak. 
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Proton therapy 


(b) 


FIGURE 31-19 (a) Autoradiograph 
of a leaf exposed for 30 s to !4CO;¿. 
Only the tissue where the CO; 

has been taken up, to be used In 
photosynthesis (Example 27-7), has 
become radioactive. The 
non-metabolizing tissue of the veins 
is free of 14C and does not blacken 
the X-ray sheet. (b) Autoradiograph 
of chromosomal DNA. The dashed 
arrays of film grains show the 
Y-shaped growing point of 
replicating DNA. 
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Protons used to kill tumors have a special property that makes them particu- 
larly useful. As shown In Hg. 31—18, when protons enter fissue, most of their 
energy 1s deposifed at the end of their path. The protons' 1mtial kinetic energy 
can be chosen so that most of the energy 1s deposited at the depth of the tumor 
1fsel£ to destroy 1t. The ncoming protons deposit only a small amount of energy 
1n the fIssue 1n front of the tumor, and none at all behimd the tumor, thus having 
less negative effect on healthy tissue than X- or 7 rays. Because tumors have 
physical s1ze, even several centimeters 1n diameter, a range 0Ÿ proton energ1es 1s 
often used. Heavier 1ons, such as œ particles or carbon 1ons, are similarly useful. 
This proton therapy technique 1s more than a half century old, but the necessity 
Of having a large accelerator has meant that few hospitals have used the tech- 
mique until now. Many such “proton centers” are now being buIlt. 

Another form of treatment 1s to Iinsert a tiny radioactive source directly 
inside a tumor, which wIll eventually kill the majority of the cells. A similar 
technique is used to treat cancer of the thyroid with the radioactive isotope l3. 
The thyroid gland concentrates Iodine present in the bloodstream, particularly in 
any area where abnormal growth 1s taking place. lts Intense radioactivity can 
destroy the defective cells. 

Another application ofradiation 1s for steril1zing bandages, surgical equipment, 
and even packaged foods such as ground beef, chicken, and produce, because 
bacteria and viruses can be killed or deactivated by large doses of radiation. 


*“31— Z7 Tracers in Research and 


Medicine 


Radioactive I1sotopes are used in biological and medical research as tracers. 
A gI1ven compound 1s artificially synthesized 1Incorporating a radioacfive Isotope 
such as !4C or 1H. Such “tagged” molecules can then be traced as they move 
through an organism or as they undergo chemical reactions. The presence of 
these taøøed molecules (or parts of them, If they undergo chemical change) can 
be detected by a Geiger or scintillation counter, which detects emitted radiation 
(see Section 30—13). How food molecules are digested, and to what parts of the 
body they are diverted, can be traced 1n this way. 

Radioactive tracers have been used to determine how amino acids and other 
essenftial compounds are synthes1zed by organisms. The permeability of cell walls 
to various molecules and 1ons can be determined using radioactive tracers: the 
tagged molecule or 1on 1s InJected into the extracellular fluid, and the radloacfIvity 
present Inside and outside the cells 1s measured as a function oŸ time. 

In a technique known as autoradiography, the position of the radioactive 
1SOfopes 1s detected on film. For example, the distributon of carbohydrates 
produced In the leaves of plants from absorbed CO; can be observed by keeping 
the plant in an atmosphere where the carbon atom in the CO; is '4C. After a time, 
a leaf 1s placed firmly on a photographrc plate and the emitted radiation darkens 
the film most strongly where the Isotope is most stronely concentrated (Fig. 31—19a). 
Autoradiography using labeled nucleotides (components of DNA) has revealed 
much about the details of DNA replication (Fig. 31—19b). Today gamma cameras 
are used 1n a similar way——see next page. 


For medical diagnosis, the radionuclide commonly used today is *?Tc, @® PHYSICS APPLIED 


a long-lived excited state of technetium-99 (the “m” in the symbol stands for Medical diagnosis 
“metastable” state). It is formed when 2;Mo decays. The great usefulness of 
99mr 


4 1c derives from ifs convenient half-life of 6 h (short, but not too short) and the 
fact that 1t can combine with a large varlety of compounds. The compound to be 
labeled with the radionuclide 1s so chosen because 1t concenftrates In the organ or 
region of the anatomy to be studied. Detectors outside the body then record, or 
image, the distribution of the radioactively labeled compound. The detection 
could be done by a single detector (Eig. 31—20a) which is moved across the body, 
measuring the intensity of radioactivity at a largee number of points. The Image 
represents the relafive Intensity of radioactivity at each point. The relative 
radioactfivity 1s a diagnostic tool. For example, hiph or low radioactivity may 
Tepresent overactivity or underacfivity oŸ an organ or part of an organ, or in 
another case may represent a lesion or tumor. More complex øgamma cameras 
make use of many detectors which simultaneously record the radioacfivity at 
many points. The measured Intensifies can be displayed on a TV or computer 
monmitor. The ¡image ¡1s sometimes called a scintigram (after scintillator), 
Fig. 31-20b. Gamma cameras are relatively inexpensive, but their resolution 1s 
limited—by non-perfect collimationÏ. Yet they allow “dynamic” studies: images 
that change In time, like a movIe. 


Photomultiplier 
tube 
FIGURE 31-20 (a) Collimated gamma-ray 
detector for scanning (moving) over a 
pattent. The collimator selects Y rays that 
come In a (nearly) straipht line from the 
Scintillator patient. Without the collimator, Y rays from 
crystal 


all parts of the body could strike the 
scintillator, producing a poor Image. 
Detectors today usually have many 
collimator tubes and are called gaưna 
carneras. (b) Gamma camera image 
(scintigram), of both legs of a patient with 
shin splints, detecting 7s from ®*Tc. 


Lead collimator 


Collimating 
channel 


=—==—_ 
Patient 


(a) (b) 


“31-8 Emission Tomography: 
PET and SPECT 


The images formed using the standard techniques of nuclear medicine, as briefly @® PHYSICS APPLIED 

discussed In the previous Section, are produced from radioactive tracer sources Medical imaging 

withm the øøiưme of the body. It 1s also possible to image the radioacftive 

emissions from a single plane or slice through the body using the computed 

tomography techniques discussed in Section 25-12. A gamma camera measures 

the radioactfive Intensity from the tracer at many points and angles around the 

patient. The dafa are processed in much the same way as for X-ray CT scans 

(Section 25—12). This technique 1s referred to as single photon emission computed @® PHYSICS APPLIED 

tomography (SPECT), or simply SPET (single photon emission tomography). Emission tomography 
Another important technique ¡is posiron emission fomography (PET), (SPECT, PET) 

which makes use of positron emitters such as l¿C, 1N, 1O, and l3F whose half- 

lives are short. These I1sotopes are incorporated into molecules that, when 

inhaled or injected, accumulate 1n the organ or region of the body to be studied. 


“To “collimate” means to “make parallel,” usually by blocking non-parallel rays with a narrow tube 
inside lead, as In Eig. 31—20a. 
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deftectors 


When such a nuclide undergoes @* decays, the emitted positron travels at most 
a few millimeters before 1t collides with a normal electron. In this collision, the 
positron and electron are annihilated, producing two 7 rays (e' +e_ —> 27), 


72 cach having an energy of 511 keV (= m„c?). The two 7 rays fly off in opposite 


FIGURE 31-21 Positron emission 
tomography (PET) system showing 
a ring of detectors to detect the two 
annihilation 7 rays (e' + e_ —> 2) 
emitted at 180” to each other. 


FIGURE 31-22 False-color PET 
scans of a hor1zontal section through 
a brain showing ølucose metabolism 
rates (red is high) by a person 

(a) using a cell phone near the ear, 
and (b) with the cell phone off. 


directions (180? + 0.259) since they must have almost exactly equal and opposite 
momenta to conserve momentum (the momenta of the initial e” and e~ are essen- 
tially zero compared to the momenta afterward of the 7 rays). Because the photons 
travel along the same line In opposite directions, their detection 1n coincidence 
by rings of detectors surrounding the patient (Fig. 31-21) readily establishes 
the line along which the emission took place. If the difference 1n time oŸ arrival 
Of the two photons could be determined accurately, the actual position of the 
emitting nuclide along that line could be calculated. Present-day electronics can 
measure times to at best +300 ps, so at the Y ray speed (c = 3 x 108m/$), 
the actual position could be determined to an accuracy on the order of about 
d = í % (3 x 108m/s)(300 x 1012s) ~ 10 cm, which is not very useful. Although 
there may be future potential for /nwe-oƒ-fliehí measurements to determine 
posiftion, today computed tomography techniques are used 1nstead, similar to 
those for X-ray CT, which can reconstruct PET images with a resolution on the 
order of 2-5 mm. One bịg advantage of PETT 1s that no collimators are needed 
(as for detection of a sinegle photon—see Fig. 31—20a). Thus, fewer photons are 
“wasted” and lower doses can be administered to the patient with PET. 

Both PET and SPECT systems can give Iimages that relate to biochemistry, 
metabolism, and function. This 1s to be compared to X-ray CT scans, whose Images 
reflect shape and structure—that 1s, the anatomy of the Imaged reg1on. 

Figure 31-22 shows PET scans of the same person”s brain (a) when using a 
cell phone near the ear and (b) with the cell phone off. The bright red spots In (a) 
indicate a hipher rate of glucose metabolism, suggesting excitability of brain 
tissue (the ølucose was tageed with a radioactive tracer). Emfs from the cell 
phone antenna thus seem to affect metabolism and may be harmful to us! 

The colors shown here are faked (only visible lipht has colors). The original 
Images are various shades of øray, representing intensity (or counts). 


(a) (b) 


31—9 Nuclear Magnetic Resonance (NMR) 
__ and Magnetic Resonance Imaging (MRI) 


Nuclear magnefic resonance (NMR) is a phenomenon which soon after Its discovery 
in 1946 became a powerful research tool in a variety of fields from physics to 
chemistry and biochemistry. It 1s also an Important medical imaging technique. 
We first briefly điscuss the phenomenon, and then look at Its applications. 


*Nuclear Magnetic Resonance (NMR) 


W© saw in Chapter 28 (Section 28—6) that when atoms are placed in a magnetic 
field, atomic energy levels split Into several closely spaced levels (see Fig. 28-8). 
Nuclel, too, exhIbit these magnetic properties. We examine only the simplest, the 
hydrogen (H) nucleus, since 1t is the one most used, even for medical imaging. 
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The 1H nucleus consists of a single proton. Its spin angular momentum (and its 
magnetic moment), like that of the electron, can take on only two values when 
placed in a magnetic field: we call these “spin up” (parallel to the field) and “spin 
down” (antiparallel to the field), as suggested In Fig. 31-23. When a magnetic 
field is present, the energy of the nucleus splifs into two levels as shown ĩn 
Fig. 31-24, with the sp up (parallel to field) having the lower energy. (This 1s 
like the Zeeman effect for atomic levels, Fig. 28—8.) The difference In energy AE 
between these two levels 1s proportional to the total magnetic field By at the 
nucleus: 
AE = kbr, 

where & 1s a proportionality constant that 1s different for different nuclides. 

In a standard nuclear magnefic resonance (NMR) setup, the sample to be 
examined 1s placed ïn a static magnetic field. A radiofrequency (RE) pulse of 
electromagnetic radiation (that is, photons) 1s applied to the sample. If the 
frequency, ƒ, of this pulse corresponds precisely to the energy difference between 
the two energy levels (Fig. 31—24), so that 

hƒ = AE = kBr, (31-11) 
then the photons of the REF beam wIll be absorbed, exciting many of the nuclei 
†rom the lower stafe to the upper state. This 1s a resonance phenomenon because 
there ¡s sipgnificant absorption only if ƒis very near ƒ = kBr/h. Hence the name 
“nuclear magnetic resonance.” For free 1H nuclei, the frequency is 42.58 MHz for 
a magnetic field Br = 1.0T. If the H atoms are bound in a molecule the total 
magnetic field Zr at the H nuclei wIll be the sum of the external applied field 
(Pu plus the local magnetic field (Plseai) due to electrons and nuclei of neigh- 
boring atoms. Since ƒ1s proportional to Ør, the value of ƒ for a given external 
field will be slightly different for bound H atoms than for free atoms: 


hƒ — k(B.. + BloeaI). 
Thịs small change in frequency can be measured, and ¡s called the “chemical 


shữt.” A great deal has been learned about the structure of molecules and bonds 
using this NME technique. 


* Magnetic Resonance Imaging (MRI) 


For producing medically useful NMR images—now commonly called MRI, or 
magnefic resonance imaging——the element most used 1s hydrogen since 1t 1s the 
commonest element in the human body and gives the strongest NMR signals. 
The experimental apparatus 1s shown 1n FEig. 31-25. The large coils set up the 
static magnetic field, and the RE coils produce the RE pulse of electromagnetic 
waves (photons) that cause the nuclei to Jump from the lower sfate to the upper 
one (Fig. 31-24). These same coils (or another coil) can detect the absorption of 
energy or the emitted radiation (also of frequency ƒ = AƑF/h, Eq. 31-11) when 
the nuclei Jump back down to the lower state. 


Magnetic 
field coils 


RF coils 


(b) 
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FIGURE 31-23 Schematic picture 
of a proton in a magnetic field B 
(pointing upward) with the two 
possIble states of proton spIn, up 
and down. 


FIGURE 31-24 Energy Eọ in the 
absence of a magnetic field splits 
1nto two levels In the presence of a 
magnetic field. 


SpIn 
z OWwn1 
F 
Eq—< hƒ = AE 
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FIGURE 31-25 NMR imaging 
setup: (a) diagram; 
(b) photograph. 
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FIGURE 31-26 A static field that is 
stronger at the bottom than at the 
top. The frequency of absorbed or 
emitted radiation 1s proportional to 
5inNMR. 


FIGURE 31-27 False-color NMR 
image (MRT) through the head 
showing structures In the brain. 
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The formation of a two-dimensional or three-dimensional image can be done 
using techniques similar to those for computed tomography (Section 25—12). The 
simplest thing to measure for creating an Image 1s the Intensity of absorbed 
and/or reemitted radiation from many different points of the body, and this 
would be a measure of the density of H atoms at each point. But how do we 
determine from what part of the body a given photon comes? One technique 1s 
to gIve the static magnetic ñield a gradlient; that 1s, Instead of applyIing a uniform 
magnetic field, Z;, the field is made to vary with position across the width of the 
sample (or patient), Eig. 31-26. Because the frequency absorbed by the H nuclei 
1S proportional to 8y (Eq. 31-11), only one plane within the body will have the 
proper value of Br to absorb photons of a particular frequency ƒ. By varying ƒ, 
absorption by different planes can be measured. Alternately, If the field 
gradient 1s applied aƒ#er the RE pulse, the frequency of the emitted photons 
wlll be a measure of where they were emitted. If a magnetic field gradient 
in one direction is applied during excifation (absorption of photons) and photons 
of a single frequency are transmitted, only H nuclei in one thin slice wIll be 
excited. By applying a gradient during reemission 1n a direction perpendicular to 
the first, the frequency ƒ of the reemitted radiation wIll represent depth 1n that 
slice. Other ways of varying the magnetic field throughout the volume of the 
body can be used In order to correlate ÑNMR frequency with posifion. 

A reconstructed image based on the density of H atoms (that is, the intensity 
of absorbed or emitted radiation) ¡is not very interestine. More useful are Images 
based on the rate at which the nuclei decay back to the ground state, and such 
Imapes can produce resolution of 1 mm or better. This NMR technique (some- 
times called spin-echo) produces Images of great diagnostic value, both in the 
delineation of structure (anatomy) and ¡in the study of metabolic processes. An 
NMR image 1s shown In Flg. 31—27. 

NMR Iimaging 1s considered to be noninvasive. We can calculate the 
energy of the photons mmvolved: as mentioned above, In a 1.0-T magnetic 
fñeld, ƒ = 4258MHz for }H. This corresponds to an energy of hƒ = 
(6.6 x 10 3*2J-s)(43 x 10®Hz) 3 x 10 J or about 10 ”eV. Since molecular 
bonds are on the order of 1 eV, the RE photons can cause httle cellular disrup- 
tion. This should be compared to X- or 7 rays, whose energies are 10! to 10®eV 
and thus can cause signiflcant damage. The static magnetic fields, though often 
large (as hiph as 1.0 to 1.5 T), are believed to be harmless (except for people who 
wear heart pacemakers). 


TABLE 31-2 Medical Imaging Techniques 


'Where Discussed 
Technique in This Book Optimal Resolution 
Conventional X-ray Section 25-12 mm 
CT scan, X-ray Section 25-12 mm 
Nuclear medicine (tracers) Section 31—7 1cm 
SPECT (single photon emission) Section 31—8 1cm 
PET (positron emission) Section 31—8 2-5mm 
MRI (NMR) Section 31—9 z—1 mm 
Ultrasound Section 12-9 0.3-2 mm 


Table 31-2 lists the major techniques we have discussed for imaging the 
1nterior of the human body, along with the optimum resolution attainable today. 
Resolution 1s only one factor that must be considered, because the different 
1maging techniques provide different types of information that are useful for 
different types of diagnosIs. 


Nuclear Energy; Effects and Uses of Radiation 


 Summary 


A nuclear reacfion occurs when two nuclei collide and two or 
more other nuclei (or particles) are produced. In this process, 
as in radioactivity, transmufation (change) of elemenfs occurs. 


The reacion cenergy or (-value of a reaction 
a+X—Y+bs 

Q = (Mạ + My — Mẹ — My)c? (31-2a) 

= KEb + KEy — KEạ — KEx. (31-2b) 


In fñission, a heavy nucleus such as uranium spÏlits Into two 
intermediate-sized nuclei after being struck by a neutron. ”j5U is 
ñissionable by slow neutrons, whereas some fissionable nuclel 
require fast neutrons. Much energy 1s released in fission 
(~ 200MeV per fission) because the binding energy per 
nucleon 1s lower for heavy nuclei than 1t 1s for Intermediate- 
sized nuclel, so the mass of a heavy nucleus 1s øreater than the 
total mass of 1ts fission products. The fission process releases 
neutrons, so that a chaïn reacfion 1s possible. The crifical mass 
1s the minimum mass of fuel needed so that enouph emitted 
neufrons go on to produce more fissions and sustain a chain 
reaction. In a nuclear reactor or nuclear weapon, a moderator 
1s used to slow down the released neuftrons. 

The fusion process, in which small nuclei combine to form 
larger ones, also releases energy. The energy from our Sun orIgi- 
nates in the fusion reactions known as the proton-proton chain 
in which four protons fuse to form a 3He nucleus producing 
25 MeV of energy. A useful fusion reactor for power øeneration 
has not yet proved possIble because of the difficulty in containing 
the fuel (e.g., deuterium) long enough at the extremely high 
temperature required (+ 10K). Nonetheless, progress has been 


made In confining the collection of charged lons known as 
a plasma. The two main methods are magnefic confinemen(, 
using a magnetic field In a device such as the donut-shaped 
tokamak, and inertial confinement in which Intense laser beams 
compress a fuel pellet of deuterium and tritium. 

Radiation can cause damage to materials, including biolog- 
1cal tissue. Quantifying amounts of radiation 1s the subject of 
dosimetry. The curie (C¡) and the becquerel (Bq) are units 
that measure the source acfivifty or rate of decay of a sample: 
1 C¡ = 3.70 x 10! decays per second, whereas 1 Bq = 1 decay/s. 
The absorbed dose, often specified in rads, measures the amount 
Of energy deposited per unit mass of absorbing material: 1 rad 
1s the amount of radiation that deposits energy at the rate of 
10 ?J/kg of material. The SI unit of absorbed dose is the gray: 
1Gy = 1]/kg = 100rad. The effective dose ¡is often specified 
by the rem = rad x RBE, where RBE is the “relative bio- 
logical effectiveness” of a ø1ven type of radiation; 1 rem of any 
type of radiation does approximately the same amount of 
biological damage. The average dose received per person per 
year in the United States 1s about 360 mrem. The SĨ unit for 
effective dose 1s the sieverf: 1 Sv = 100 rem. 

[#Nuclear radiation 1s used in medicine for cancer therapy, 
and for Imaging of biological structure and processes. 
Tomographic imaging of the human body, which can provide 
3-dimensional detail, includes several types: PETI, SPET 
(= SPECT), MRI, and CT scans (discussed in Chapter 25). 
MRI makes use of nuclear magnefic resonance (NMR).] 


 Questions 


1. Fill in the missing particles or nucleï: 
(a) n + SãTh > ?+7; 
(bì n + lBa —> lCs + 2; 
(c) d+7H — $He + 9; 
(43 œ+ ZZ4Au > ?+d 
where d stands for deuterium. 

2. When {1Na is bombarded by deuterons (H). an ơ particle 
1s emitted. What is the resulting nuclide? Write down the 
reacfion equation. 

3. Why are neuírons such good projectiles for producing 
nuclear reactions? 

4. What is the @-value for radioactive decay reactions? 

(z3) @ <0. (5?) @>0. (c) @=0. 
(đ) The sign of @ depends on the nucleus. 

5. The energy from nuclear Íission appears in the form of 

thermal energy——but the thermal energy of what? 


6. (2) If *3§U released only 1.5 neutrons per fission on average 
(instead of 2.5), would a chain reaction be possible? (5) If 
so, how would the chain reaction be different than If 
3 neutrons were released per fission? 

7. Why can”t uranium be enriched by chemical means? 

§. How can a neutron, with practically no kinetic energy, 
excite a nucleus to the extent shown In Eig. 31—3? 

9. Why would a porous block of uranium be more likely to 
explode 1f kept under water rather than in alr? 

10. A reactor that uses highly enriched uranium can use ordi- 
nary water (instead of heavy water) as a moderator and 
sữill have a self-sustaining chain reaction. Explain. 


11. Why must the fission process release neutrons IÝ 1t 1s to be 
useful? 

12. Why are neutrons released In a fission reaction? 

13. What is the reason for the “secondary system” In a nuclear 
reactor, Fig. 31—8? That 1s, why 1s the water heated by the 
fuel in a nuclear reactor not used directly to drive the 
turbines? 

14. What is the basic difference between fission and fusion? 

15. Discuss the relative merits and disadvantages, Including 
pollution and safety, of power generation by fossil fuels, 
nuclear fission, and nuclear fusion. 

16. Why do gamma particles penetrate matter more easily 
than beta particles do? 

17. Light energy emitted by the Sun and stars comes from the 
fusion process. What conditions In the interlor oŸ stars 
make this possible? 

18. How do stars, and our Sun, maintain confinement of the 
plasma for fusion? 

19. People who work around metals that emit alpha particles 
are trained that there 1s little danger from proximIty or 
touching the material, but they must take extreme precau- 
tions against inegesting it. Why? (Eating and drinking while 
working are forbidden.) 

20. What is the difference between absorbed dose and effective 
dose? What are the SI units for each? 

21. Radiation is sometimes used to sterilize medical supplies 
and even food. Explain how 1t works. 

*22. How mipht radioactive tracers be used to fnd a leak im a pIpe? 
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Ouestions 


 MisConceptual Questions 


1. In a nuclear reaction, which of the following 1s moí 


conserved? 

(4a) Energy. 

(b) Momentum. 

(c) Electric charge. 
(đ) Nucleon number. 
(c) None of the above. 


2. Flssion frapgments are typically 
(2) 6” emitters. 
(b) 6 emiftters. 
(c) Both. 
(đ) Neither. 


3. Which of the following properties would decrease the crit- 


1cal mass needed to sustain a nuclear chain reaction? 
(a) Low boiling point. 

(b) Hiph melting poïnt. 

(c) More neutrons released per fission. 

(đ) Low nuclear density. 

(c) Eilled valence shell. 

(Ø) AI of the above. 


4. Rather than having a maximum at about 4 + 60, as shown 
1n Eig. 31—12, suppose the average binding energy per nucleon 
confinually increased with increasing mass number. Then, 


(4) fission would still be possible, but not fusion. 
(B) fusion would still be possible, but not fission. 
(c) _both fission and fusion would still be possIble. 
(đ) neither fission nor fusion would be possible. 


5. Why is a moderator needed In a normal uranium fission 


reactor? 

(2) To increase the rate of neutron capture by 
uranium-235. 

(5) To increase the rate of neutron capture by 
uranium-238. 

(c) To increase the rate of production of plutonium-239. 

(đ) To increase the critical mass of the fission fuel. 

(z) To provide more neutrons for the reaction. 

() _AlI of the above. 


6. What Is the difference between nuclear fission and nuclear 


fusion? 
(4) Nuclear fission 1s used for bombs; nuclear fusion 1s 
used in power plants. 


(b) There Is no difference. Fission and fusion are different 


names for the same physical phenomenon. 

(c)_Nuclear fission refers to using deuterium to create a 
nuclear reaction. 

(đ) Nueclear fusion occurs spontaneously, as happens to 
the C' used in carbon dating. 

(c) In nuclear fission, a nucleus splits; in nuclear fusion, 
nucleons or nuclei and nucleons Join to form a new 
nucleus. 


7. A primary difficulty in energy production by fusion 1s 
(a) the scarcity of necessary fuel. 
(b) the disposal of radioactive by-products produced. 
(c) the high temperatures necessary to overcome the 
electrical repulsion oŸ protons. 
(đ) the fact that 1t is possible in volcanic regions only. 
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§. If two hydrogen nuclei, 7H, each of mass z¡, fuse together 


and form a helium nucleus of mass 7#. , 
(4a) mu < 2m. 

(b) mu = 2m. 

(C) mu > 2m. 

(đ) AlI of the above are possible. 


. Which radiation induces the most biological damage for a 


10. 


11 


13 


° 


° 


. 


14. 


15. 


ø1ven amount of energy deposited In tissue? 

(a) Alpha particles. 

(5) Gamma radiation. 

(c) Beta radiation. 

(đ) AlI do the same damage for the same deposited energy. 


'Which would produce the most enersy ïn a sinple reactlon? 

(a) The fission reaction associated with uranium-235. 

(b) The fusion reaction of the Sun (two hydrogen nuclei 
fused to one helium nucleus). 

(c) Both (z) and (0) are about the same. 

(đ) Need more information. 


The fuel necessary for fusion-produced energy could be 
derived from 

(a) water. 

(ð) superconductors. 

(c) uranium. 

(đ) helium. 

(c) sunlight. 


'Which of the following 1s true? 

(a) Any amount of radiation is harmful to living tissue. 

(b) Radiation 1s a natural part of the environment. 

(c)_ AlIforms of radiation will penetrate deep into living 
{issue. 

(đ) None of the above Is true. 


'Which of the following would reduce the cell damage due 

to radiation for a lab techniclian who works with radioactive 

1sOofopes In a hospital or lab? 

(2) Increase the worker”s distance from the radiation source. 

(b) Decrease the time the worker is exposed to the radiation. 

(c)_ Use shielding to reduce the amount of radiation that 
strikes the worker. 

(đ) Have the worker wear a radiation badge when working 
with the radioactive 1sotOpes. 

(c) AI of the above. 


TỶ the same dose of each type of radiation was provided over 
the same amount of time, which type would be most harmful? 
(a) X-rays. 

(b) 7 rays. 

(c) 6 rays. 

(đ) œ particles. 

235 


ø2U releases an average of 2.5 neutrons per Ïission com- 


”?Pu. Which has the smaller critical mass? 


pared to 2.9 for 
(z) ”2U. 

(b) “¿Pu. 

(c) Both the same. 


For assigned homework and other learning materials, go to the MasteringPhysics website. 
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Ï Problems 


(NOTE: Masses are found in Appendix B.) 


31-1 Nuclear Reactions, Transmutation 


1. 


Làu 


® 


® 


nh 


cư 


10. 


11. 


Ð 


13. 


14 


15. 


(U Natural aluminum is all 74A1. If it absorbs a neutron, 
what does it become? Does it decay by 8” or 8? What will 
be the product nucleus? 

(UD Determine whether the reaction †H + {H —> iHe +n 
requires a threshold energy, and why. 
(U Is the reaction n + ®ŠU —> ”#U + Y possible with 
slow neutrons? Explain. 


.(H) (z) Complete the following nuclear reaction, 


p+? — Ÿ%S +7. (b) Whatis the Ó-value? 


. (H) The reaction p + !ŸO —> lŠF + n requires an input 


Of energy equal to 2.438 MeV. What is the mass of lŠF? 


(1) (z) Can the reaction n + ƒ#ÄMg —> ?jNa + d occur if 
the bombarding particles have 18.00MeV of kinetic 
energy? (d stands for deuterium, {H.) (b) If so, how much 
enersy 1s released? Tf not, what kinetic energy 1s needed? 


(H) (2) Can the reaction p + 4Li —> ‡He + œø occur if the 
incident proton has kinetic energy = 3100 keV? (ð) If so, 
what 1s the total kinetic energy of the products? If not, 
what kinetic energy 1s needed? 


(I In the reacion œø + ‡N —> lO + p, the incident 
œ particles have 9.85 MeV of kinetic energy. The mass of 
HO is 16.999132 u. (2) Can this reaction occur? (b) TÝ so, 
what 1s the total kinetic energy of the products? If not, 
what kinetic energy 1s needed? 


(H) Calculate the @-value for the “capture” reaction 
œ + !§O —> TÙNe + 7. 

(H) Calculate the total kinetic energy of the products of the 
reaction đ + ljC —> l‡N +n ïf the inecoming deuteron 
has kinetic energy KE = 41.4MeV. 


(H) Radioactive 14C is produced in the atmosphere when a 
neutron is absorbed by ⁄N. Write the reaction and find its 
Ø@-value. 


(H) An example of a stripping nuclear reaction 1s 
d + §Li -> X +p. (z) What is X, the resulting nueleus? 
(b) Why 1s it called a “stripping” reaction? (c) What is the 
@-value of this reaction? Is the reaction endothermic or 
exothermic? 


(I) An example of a piek-up nuclear reaction 1s 
3He + lƒC —> X+ œ. (a) Why is it called a “pick-up” 
reaction? (5) What is the resulting nucleus? (c) What is the 
@-value of this reaction? Is the reaction endothermic or 
exothermic? 


(H) Does the reaction p + ‡Li —> ‡He + ø require energy, 
or does If release energy? How much energy? 

(H) Calculate the energy released (or energy ¡nput 
required) for the reaction œ + 3Be —> lC + n. 


31-2 Nuclear Fission 


16. 


(D What is the energy released in the fission reaction of 
Eq. 31—4? (The masses of !4'Ba and 3£Kr are 140.914411u 
and 91.926156 u, respectively.) 


17. 


18. 


19. 


20. 


21 


22. 


23. 


24. 


25. 


26. 


( Calculate the enerey released in the fission reaction 
n + 3>U —> §šSr + l⁄Xe + 12n. Use Appendix B, and 
assume the Initial kinetic energy of the neutron 1s very small. 


(1) How many fissions take place per second in a 240-MW 
reactor? Assume 200 MeV 1s released per fission. 


(I The energy produced by a fission reactor ¡is about 
200 MeV per fission. What fraction of the mass of a 3U 
nucleus Is this? 


(ID) Suppose that the average electric power consumption, 
day and night, in a typical house is 960W. What Initial 
mass of ”5U would have to undergo fission to supply the 
electrical needs of such a house for a year? (Assume 


200 MeV ïs released per fission, as well as 100% efficiency.) 
(ID) Consider the fission reaction 
2§U +n —> lÄSb + jNb +?n. 


(a) How many neutrons are produced ïn this reaction? 
(b) Calculate the energy release. The atomic masses for 
Sb and Nb isotopes are 132.915250u and 97.910328u, 
respectIvely. 


(I) How much mass of “5U is required to produce the 
same amount of energy as burning 1.0 kg of coal (about 
3 x 1071)? 


(II) What initial mass of ”ŠU is required to operate a 
950-MW reactor for 1 yr? Assume 34% efficilency. 


(H) If a 1.0-MeV neutron emitted ¡in a fission reaction 
loses one-half of Its kinetic energy In each collision with 
moderator nuclei, how many collisions must It make to 
reach thermal energy (šk7 = 0.040 eV)? 


(II) Assuming a fission of ”§U into two roughly equal 
frapments, estimate the electric potential energy Just as 
the fragments separate from each other. Assume that the 
fragments are spherical (see Eq. 30-1) and compare your 
calculation to the nuclear fission energy released, about 
200 MeV. 


(H) Suppose that the neutron multiplication factor 1s 
1.0004. If the average time between successive fissions In a 
chain of reactions 1s 1.0 ms, by what factor wIll the reaction 
rate Increase In 1.0 s? 


31-3 Nuclear Fusion 


P8 


28. 


29. 


(ID What is the average kinetic energy of protons at the 
center of a star where the temperature is 2 < 10”K? 
[Himr: See Eq. 13—8.] 


(TT) Show that the energy released in the fusion reaction 
1H +jH —> ?He + n is 17.59 MeV. 


(TT) Show that the energy released when two deuterium 
nuclei fuse to form 3He with the release of a neutron is 
3.27 MeV (Eq. 31—-8b). 
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Problems 


30. 


31. 


32. 


33. 


34 


b 


35. 


36 


b 


37. 


38. 


(II) Verify the Ó@-value stated for each of the reactions of 
Eqs. 31-6. [Hữnr: Use Appendix B; be careful with electrons 
(included ïn mass values except for p, d, t).] 


(H) (2) Calculate the energy release per gram of fuel for the 
reactions of Eqs. 31—6a, b, and c. (b) Calculate the energy 
release per gram of uranium 23§U in fission, and give its 


ratio to each reaction in (2). 


II) How much enersy is released when “j§U absorbs a 
sy 


slow neutron (kinetic energy ~ 0) and becomes ^3U? 


(I) Tf a typical house requires 960W of electric power on 
average, what minimum amount of deuterium fuel would 
have to be used in a year to supply these electrical needs? 
Assume the reaction of Eq. 31—8b. 


(I) If §Li is struck by a slow neutron, it can form 3He and 
another nucleus. (2) What is the second nucleus? (This ïs a 
method of generating this isotope.) (b) How much energy 
1s released In the process? 


(I) Suppose a fusion reactor ran on “d-d” reactions, 
Edqs. 3l—8a and b in equal amounts. Estimate how much 
natural water, for fuel, would be needed per hour to run a 
1150-MW reactor, assuming 33% efficiency. 


(HI) Show that the energies carried off by the 3He nucleus 
and the neutron for the reaction of Eq. 31—8§c are about 
3.5 MeV and 14 MeV, respectively. Are these fixed values, 
1ndependent of the plasma temperature? 


(HT) How much energy (J) is contained in 1.00 kg of water 
1ƒ 1s natural deuterium 1s used In the fusion reaction of 
Eq.31-8a? Compare to the energy obtained from the burn- 
¡ng of 1.0 kg of gasoline, about 5 < 1071. 


(HI) (z) Give the ratio of the eneregy needed for the first 
reaction of the carbon cycle to the energy needed for a 
deuterium-triium reaction (Example 31-9). (5) lf a 
deufterrum-tritium reaction actually requires a temperature 
7 3 x 10K, estimate the temperature needed for the 
first carbon-cycle reaction. 


31-5 Dosimetry 


39. 


40. 


4 


` 


42. 


43. 


È 
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(D 350rads of œø-particle radiation ¡is equivalent to how 
many rads of X-rays In terms of biological damage? 


(DA dose of 4.0 Sv of 7 rays In a short period would be 
lethal to about half the people subJected to 1t. How many 
ørays 1s this? 


(D How many rads of slow neutrons will do as much bio- 
logical damage as 72 rads of fast neutrons? 


(II) How much energy 1s deposited in the body of a 65-kg 
adult exposed to a 2.5-Gy dose? 


(II) A cancer patient ¡s undergoing radiation therapy In 
which protons with an energy of 1.2 MeV are Incident on a 
0.20-kg tumor. (2) If the patient receives an effective dose 
of 1.0rem, what ¡s the absorbed dose? (2) How many 
protons are absorbed by the tumor? Assume RBE » l1. 


(H) A 0.035-„Ci sample of ï‡P is injected into an animal 
for tracer studies. If a Geiger counter intercepts 35% of 
the emitted 6 particles, what will be the counting rate, 
assumed 85% efficlent? 


45. 


46 


47 
45 


49 


50 


31. 


5. 


31- 
53. 


(II) About 35 eV ïs required to produce one Ion païr In a1r. 
Show that this 1s consistent with the two definitions of the 
roentgen gIven in the text. 


IU A 1.6-mCi source of 4P (in NaHPO/), a 8 emitter, is 
1mplanted In a tumor where 1t 1s to administer 32 Gy. The 
half-life of ÿ‡P is 14.3 days, and 1.0mC¡ delivers about 
10 mGy/min. Approximately how long should the source 
remain implanted? 


(II) What is the mass of a 2.50-Ci 14C source? 


(H) 3?Co emits 122-keV 7 rays. If a 65-kg person swallowed 
1.55 uCi of š?Co, what would be the dose rate (Gy/day) 
averaged over the whole body? Assume that 50% of the 
7-ray energy 1s deposited in the body. [Hn: Determine 
the rate of energy deposited In the body and use the defi- 
nition of the gray.] 


(II) lonizing radiation can be used on meat products to 
reduce the levels of microbial pathogens. Refriperated 
meat 1s limited to 4.5 kGy. TỶ 1.6-MeV electrons irradiate 
5 kg of beef, how many electrons would it take to reach the 
allowable limit? 


(II) Huge amounts of radioactive !33I were released in the 


accident at Chernobyl In 1986. Chemically, iodine øgoes to 
the human thyroid. (It can be used for diagnosis and 
treatment of thyroid problems.) In a normal thyroid, 
13T absorption can cause damage to the thyroid. (2) Write 
down the reaction for the decay of !3!I. (b) Its half-life is 
8.0 d; how long would it take for ingested !š1I to become 
5.0% of the initial value? (e) Absorbing 1 mCi of !3ÄI can 


be harmful; what mass of Iodine 1s this? 


(HI) Assume a liter of milk typically has an activity of 
2000 pCi due to 19K. If a person drinks two glasses (0.5 L) 
per day, estimate the total effectrve dose (in Sv and in rem) 
received In a year. As a crude model, assume the milk 
stays in the stomach 12 hr and is then released. Assume 
also that roughly 10% of the 1.5 MeV released per decay 1s 
absorbed by the body. Compare your result to the normal 
allowed dose of 100 mrem per year. Make your estimate 
for (z) a 60-kg adult, and (5) a 6-kø baby. 


(HI Radon gas, 4£Rn, is considered a serious health hazard 
(see discussion in text). It decays by z-emission. (2) What 1s 
the daughter nucleus? (5) Is the daughter nucleus stable or 
radioactive? If the latter, how does It decay, and what Is 1ts 
half-life? (See Eig. 30-11.) (c) Is the daughter nucleus also 
a noble øas, or is It chemically reactive? (đ) Suppose 1.4 ng 
of ”Rn seeps into a basement. What will be its activity? 
TỶ the basement ¡s then sealed, what will be the activity 
1 month later? 


9 NMR 


(II) Calculate the wavelength of photons needed to pro- 
duce NMER transitions in free protons In a 1.000-T field. In 
what region of the spectrum 1s this wavelength? 
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54. Consider a system of nuclear power plants that produce 


2100MW. (z) What total mass of ”53ÿU fuel would be 
required to operate these plants for 1 yr, assuming that 
200 MeV 1s released per fission? (b5) Typically 6% of the 
®šU nuclei that fission produce strontium-90, 30Sr, a 8” emit- 
ter with a half-life of 29 yr. What is the total radioactIvity 
of the 3§Sr, in curies, produced in 1 yr? (Neglect the fact 


that some of it decays during the I-yr period.) 


J. Chadwick discovered the neutron by bombarding 3Be 
with the popular projectile of the day, alpha particles. 
(2) If one of the reaction products was the then unknown 
neutron, what was the other product? (b) What is the 
@-value of this reaction? 


Fusion temperatures are often given ¡in keV. Determine 
the conversion factor from kelvins to keV using, as 1s com- 
mon In this field, KE = k7 without the factor ì- 


. One means of enriching uranium 1s by diffusion of the gas 
UEs. Calculate the ratio of the speeds of molecules of this 


gas containing 5U and ?ŠU, on which this process depends. 


. () What mass of ”5§U was actually fissioned in the first 
atomic bomb, whose energy was the equivalent of about 
20 kilotons of TNT (1 kiloton ofTNT releases 5 < 1012 J)? 
(b) What was the actual mass transformed to energy? 


The average yearly background radiation In a certain town 
consists of 32 mrad of X-rays and 7 rays plus 3.4 mrad of 
particles having a RBE of 10. How many rem wilÏ a person 
receive per year on average? 


. A shielded 7-ray source yields a dose rate of 0.048 rad/h at 
a đistance of 1.0 m for an average-sized person. If workers 
are allowed a maximum dose of 5.0rem In 1 year, how 
close to the source may they operate, assuming a 35-h 
work week? Assume that the Intensity of radiation falls off 
as the square of the distance. (It actually falls off more 
rapidly than 1/r? because of absorption in the air, so your 
answer will øive a beftter-than-permissible value.) 


. Radon gas, 24Rn, is formed by øœ decay. (2) Write the 


decay equation. (Đ) Ignoring the kinetic energy of the 
daughter nucleus (is so massive), estimate the kinetic 
enerey of the œ particle produced. (c) Estimate the 
momentum of the alpha and of the daughter nucleus. 
(đ) Estimate the kinetic energy of the daughter, and show 
that your approximation ïn (b) was valid. 


- In the net reaction, Eq. 31—7, for the proton-proton chaïn in 
the Sun, the neutrinos escape from the Sun with energy of 
about 0.5 MeV. The remaining energy, 26.2 MeV, 1s available 
to heat the Sun. se this value to calculate the “heat of 
combustion” per kilopgram of hydrogen fuel and compare It 
to the heat of combustion of coal, about 3 x 107 J/kg. 


Energy reaches Earth from the Sun at a rate of about 
1300 W/m?. Calculate (2) the total power output of the 
Sun, and (0) the number of protons consumed per second In 
the reaction of Eq. 31—7, assuming that this 1s the source of 
all the Sun”s energy. (c) Assuming that the Suns mass of 
2.0 < 100 kg was originally all protons and that all could be 
1nvolved in nuclear reactions in the Sun's core, how long 
would you expect the Sun to “ølow” at 1s present rate? See 
Problem 62. [Hini: Use 1/r” law.] 


64. Estimate how many solar neutrinos pass through a 180-m” 


ceiling of a room, at latitude 44”, for an hour around 
midnipht on midsummer night. [Hn: See Problems 62 
and 63.] 


Estimate how much total energy would be released via 
fission I1f 2.0 kg of uranium were enriched to 5% of the 
isotope ”35U. 


. Some sfars, in a later stage of evolution, may begin to fuse 


two 14C nuclei into one 722Mg nucleus. (2) How much energy 
would be released in such a reaction? (5) What kinetic enerey 
must two carbon nuclei each have when far apart, 1 they can 
then approach each other to within 6.0 fm, center-to-center? 
(c) Approximately what temperature would this require? 


. An average adult body contains about 0.10 C¡ of 19K, 


which comes from food. (z) How many decays Occur per 
second? (5) The potassium decay produces beta particles 
with energies of around 1.4MeV. Estimate the dose per 
year In sieverts for a 65-kø adult. Is this a significant frac- 
tion of the 3.6-mSv/yr background rate? 


. When the nuclear reactor accident occurred at Chernobyl 


in 1986, 2.0 x 10” C¡ were released into the atmosphere. 
Assuming that this radiation was distributed uniformly 
over the surface of the Earth, what was the activity per 
square meter? (The actual activity was not uniform; even 
within Europe wet areas received more radioactivity from 
rainfall.) 


. A star with a large helium abundance can burn helium in 


the reaction 3He + jHe + jHe —> lC. What is the 
@-value for this reaction? 


. A 1.⁄2-,Ci l⁄2Cs source is used for 1.4 hours by a 62-kg 


worker. Radioactive !⁄2Cs decays by @ decay with a half- 


lie of 30 yr. The average energy of the emitted betas 1s 
about 190 keV per decay. The Ø decay is quickly followed 
by a Y with an energy of 660 keV. Assuming the person 
absorbs ziƒ emitted energy, what effective dose (in rem) Is 
received? 


Suppose a future fusion reactor would be able to put out 
1000 MW of electrical power continuously. Assume the 
reactor will produce energy solely through the reaction 
ø1ven in Eq. 31—§a and wIll convert this energy to electrical 
energy with an efficiency of 33%. Estimate the minimum 
amount of deuterrum needed to run this facility per year. 


- la 65-kg power plant worker has been exposed to the maxi- 


mum sÌlow-neutron radiation for a given year, how much 
tofal energy (in ]) has that worker absorbed? What If he 
were exposed to fast protons? 


. Consider the fission reaction 


n + 3U —> 3Sr + X+3n. 


(a) What is X? (P) If this were part of a chain reaction ïn a 
[ission power reactor running at “barely critical,/” what 
would happen on average to the three produced neutrons? 
(c) (optional) What ¡is the @-value of this reaction? [Hní: Mass 
values can be found at www.nist.gov/pml/data/comp.cfm.] 
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74. 


75. 


A large amount of 3§Sr was released during the Chernobyl 
nuclear reactor accident in 1986. The 20Sr enters the body 
through the food chain. How long will it take for 85% of 
the 3§Sr released during the accident to decay? See 
Appendix B. 


Three radioactive sources have the same activity, 35 mCI. 
Source A emi(s 1.0-MeV 7 rays, source B emi(s 2.0-MeV 
7 rays, and source C emits 2.0-MeV alphas. What 1s the 
relative danger of these sources? 


76. 


A 55-kg patlent 1s to be gIven a medical test involving the 
ingestion of “#Ƒ'Tc (Section 31~7) which decays by emitting 
a 140-keV gamma. The half-life for this decay 1s 6 hours. 
Assuming that about half the gamma photons exit the body 
without interacting with anything, what must be the Initial 
activity of the Tc sample 1ƒ the whole-body dose cannot 
exceed 50mrem? Make the rough approximation that 
biological elimination of”Tc can be Ignored. 


[ Search and Learn 


1. 


Referring to Section 31-2, (z) state three problems that 
must be overcome to make a functioning fission nuclear 
reactor; (b) state three environmental problems or dangers 
that do or could result from the operation of a nuclear 
fission reactor; (c) describe an additional problem or danger 
associated with a breeder reactOr. 


. Referring to Section 31-3, (z) why can small nuclei com- 


bine to form larger ones, releasing energy In the process? 
(5) Why does the first reaction In the proton—proton chain 
limit the rate at which the Sun produces energy? (c) What 
are the heaviest elements for which energy 1s released If 
the elements are created by fusion of liphter elements? 
(4) What keeps the Sun and stars together, allowing them 
to sustain fusion? (c) What two methods are currently 
being Investigated to contain high-temperature plasmas on 
the Earth to create fusion In the laboratory? 


. Deuterrum makes up 0.0115% of natural hydrogen on 


average. Make a rough estimate of the total deuterium In 
the Earth's oceans and estimate the total energy released 
1ƒ all of 1t were used In fusion reactOrs. 


ANSWERS TO EXERCISES 


A: 


'šBa. 


B: 3 neutrons. 


C: 
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2 x 1017, 


4. 


ụ 


® 


The energy output of massive stars 1s believed to be due to 
the carbon cycle (see text). (a) Show that no carbon 1s 
consumed ïn this cycle and that the net effect is the same as 
for the proton-proton chain. (5) What ïs the total energy 
release? (c) Determine the energy output for each reaction 
and decay. (đ) Why might the carbon cycle require a higher 
temperature (+ 2 < 107K) than the proton-proton chain 
( 1.5 x 107K)? 


Consider the effort by humans to harness nuclear fusion as 
a viable energy source. (z) What are some advantages of 
using nuclear fusion rather than nuclear fission? (b) What 
1s the major technological problem with using controlled 
nuclear fusion as a source of energy? (c) Discuss two 
different approaches to solving this problem. (đ) What 
fuel 1s necessary in a nuclear fusion reaction? (e) Write a 
nuclear reaction using two nuclei of the fuel in part (đ) to 
create a third nucleus. (ƒ) Calculate the @-value of the 
reaction In part (e). 


(a) Explain how each of the following can cause damaøge to 
materials: beta particles, alpha particles, energetic neutrons, 
and gamma rays. (b) How might metals be damaged? 
(c) How can the damage affect living cells? 


D: (e). 
E: (0). 
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This photo 1s a computer reconstruction of particles produced due to a 7 'TeV proton—proton 
collision at the Large Hadron Collider (LHC). It is a candidate for having produced the long- 


sought Higgs boson (plus other particles). The 
Higgs in this case could have decayed (very 
quickly ~ 10””2s) into two Z. bosons (which are 
carriers of the weak force): 

H? > Z°+ Z9. 
We don't see the tracks of the Z? particles 
because (1) they are neutral and (2) they decay 
too quickly (~ 10””†s), in this case: 

Z?>e +e', 
The tracks of the 2 electrons and 2 posIfrons are 
shown as green lines. The Higgs is thought to 
play a fundamenral role in the Standard Model 
Of particle physics, Importantly providing mass 
to fundamental particles. 

The CMS detector of this photo uses a 
combination of the detector types discussed In 
Section 30—13. A magnetic field causes particles 
to move In curved paths so the momentum of 
each can be measured (Section 20-4). Tracks of 
particles with very large momentum, such as our 


Elementary ParticÌes 


CHAPTER-OPENING QUESTIONS——Guess now! 


1. Physicists reserve the term “fundamental particle” for particles with a special 
property. What do you think that special property 1s? 

(a) Particles that are massless. 

(b) Particles that possess the minimum allowable electric charge. 

(c) Particles that have no Internal structure. 

(đ) Particles that produce no force on other obJectfs. 


2. The fundamental particles as we see them today, besides the long-sought-for 
Higgs boson, are 

(a) atoms and electrons. 

(b) profons, neutrons, and electrons. 

(c) protons, neutrons, electrons, and photons. 

(đ) quarks, leptons, and gauge bosons (carriers of force). 

(e) hadrons, leptons, and gauge bosons. 


Of contemporary physics: elementary particles in this Chapter, and cosmology 

and astrophysics in Chapter 33. These are subjects at the forefront of knowledge—— 
elementary particles treats the smallest obJects in the universe; cosmoloøy treafs 
the largest (and oldest) aspecfs of the universe. The reader who wants an under- 
standing of the great beauties of present-day sclence (and its limits) will want to 
read these Chapters. So will those who want to be good cif1zens, even 1f there 1s 
not time to cover them 1n a phySICS COUTse. 


| n the final two Chapters oÝ this book we discuss two of the mosft exciting areas 


electrons here, are barely curved. 

In this Chapter we will study elemenftary 
particle physIcs from 1s beginnings until today, 
1ncluding antiparticles, neutrinos, quarks, the 
Standard Model, and theories that go beyond. 
W© start with the great machines that accelerate 
particles so they can collide at high energIes. 
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In this penultimate Chapter we discuss elemenfary particle physics, which 
represents the human endeavor to understand the basic building blocks of all 
matter, and the fundamental forces that govern therr Interactions. 

Almost a century ago, by the 1930s, it was accepted that all atoms can be 
considered to be made up of neutrons, protons, and electrons. The basic constitu- 
ents of the universe were no longer considered to be atoms (as they had been 
for 2000 years) but rather the proton, neutron, and electron. Besides these three 
“elementary particles,” several others were also known: the positron (a posifIve 
electron), the neutrino, and the 7 particle (or photon), for a total of six elemenfary 
particles. 

By the 1950s and 1960s many new types of particles similar to the neufron 
and proton were discovered, as well as many “midsized” particles called 7esons 
whose masses were mostly less than nucleon masses but more than the electron 
mass. (Other mesons, found later, have masses øreater than nucleons.) Physicists 
felt that these particles could not all be fundamental, and must be made up of 
even smaller constituenfs (later confirmed by experimenft), which were given the 
name quarks. 

By the term fundamental particle, we mean a particle that 1s so simple, so 
basic, that it has no internal structureÏ (is not made up of smaller subunits)——see 
Chapter-Opening Ouestion 1. 

Today, the fundamental constituents of matter are considered to be quarks (they 
make up protons and neutrons as well as mesons) and leptons (a class that includes 
electrons, positrons, and neutrinos). There are also the “carriers of force” known 
as gauge bosons, Including the phofon, gluons, and W and Z, bosons. In addition 
there is the elusive Higøs boson, predicted in the 1960s but whose first suøgestions 
of experimental detection came only In 2011-2013. The theory that describes 
Our present view 1s called the Standard Model. How we came to our presenft 
understanding of elemenftary particles 1s the subJect of this Chapter. 

One of the exciting developments of the last few years 1s an emergIng synthesis 
between the study of elemenfary particles and astrophysics (Chapter 33). In fact, 
recent observations 1n astrophysics have led to the conclusion that the greater 
part of the mass—energy content of the universe 1s not ordinary matter but two 
mysfterious and 1nvisible forms known as “dark matter” and “dark energy” which 
cannot be explained by the Standard Model n 1ts present form. 

Indeed, we are now aware that the Standard Model 1s not sufficient. There 
are problems and Important quesfions still unanswered, and we will mention 
some of them In this Chapter and how we hope to answer them. 


32—1 High-Energy Particles and 
Accelerators 


In the late 1940s, after World War II, it was found that 1f the incoming particle in 
a nuclear reaction (Section 31—1) has sufficlent energy, new types of particles can 
be produced. The earliest experiments used cosmie rays——particles that Impinge 
on the Earth from space. In the laboratory, various types of particle acceleratOrs 
have been consfructed to accelerate protons or electrons to high energles so they 
can collide with other particles—often protons (the hydrogen nucleus). Heavy 1ons, 
up to lead (Pb), have also been accelerated. These high-energy accelerafors have 
been used to probe more deeply Into matfter, to produce and study new particles, 
and to gøive us information about the basic forces and constituenfs of nature. The 
particles produced In high-energy collisions can be detected by a varlety O spe- 
cial detectors, điscussed in Section 30—13, including scintillatilon counfers, bubble 
chambers, multiwire chambers, and semiconductors. The rate of production of 


TRecall from Section 13—1 that the word “atom” comes from the Greek meaning “indivisible.” Atoms 


have a substructure (protons, neutrons) so are not fundamental. Yet an atom 1s still the smallest 
“piece” of an element that has the characteristics of that material. 
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any øroup of particles 1s quantified using the concept OŸ cross secon, Section 31—1. 
Because the proJectile particles are at high energy, this field 1s sometimes called 
high-energy physics. 


Wavelength and Resolution 


Particles accelerated to high energy can probe the Interior of nuclei and nucleons 
or other particles they strike. An important factor 1s that faster-moving projectiles 
can reveal more detail. The wavelength of projectile particles 1s given by 
de Broglies wavelength formula (Eq. 27—8), 


ÄW. =°: 2-1) 


showing that the greater the momentum p of the bombarding particle, the shorter 
1(s wavelength. As discussed in Chapter 25 on optical instruments, resolution of 
details in Iimages 1s limited by the wavelength: the shorter the wavelength, the 
finer the detail that can be obtained. This is one reason why particle accelerators 
of higher and higher energy have been built in recent years: to probe ever deeper 
1nto the structure of matter, to smaller and smaller s1ze. 


EXAMPLE 32-1 ¡ High resolution with electrons. What ¡s the wavelength, 
and hence the expected resolution, for 1.3-GeV electrons? 


APPROACH Because 1.3 GeV is much larger than the electron mass, we must 
be dealing with relativistic speeds. The momentum of the electrons 1s found from 
Eq. 26-9, and the wavelength is À = h/p. 


SOLUTION Each electron has KE = 1.3GeV = 1300MeV, which ¡is about 


2500 times the rest energy of the electron (mc” = 0.51 MeV). Thus we can 


ignore the term (zc”} in Eq.26-9, E? = p?c? + mức, and we solve for p: 


_ ng - VN —E 
ú C” nh “ 


Therefore the de Broglie wavelength 1s 
h hc 


= — ñ 


P E 

where È = 1.3GeV. Hence 
(6.63 x 10 32J-s)(3.0 x 108m/s) 
(1.3 x 102eV)(1.6 x 101/eV) 


or 0.96 fm. This resolution of about 1 fm is on the order of the size of nuclel (see 
Eq. 30-1). 

NOTE The maximum possible resolution of this beam of electrons 1s far øreater 
than for a light beam ïn a lipht microscope (À ~ 500 nm). 


= 0.96 x 10m, 


| EXERCISEA_ What ¡is the wavelenpth of a proton with KE = 1.00 TeV? FIGURE 32-1 Ernest O. Lawrence, 
left, with Donald Cooksey and the 


A maJor reason today for building high-energy accelerators 1s that new par-  “dees” of an early cyclotron. 
ticles oŸ greater mass can be produced at higher collision energies, transforming : 

the kinetic energy of the colliding particles into massive particles by  = mcˆ, as 
we wIll discuss shortly. Now we look at particle accelerators. 


Cyclotron 

The cyclotron was developed in 1930 by E. O. Lawrence (1901—1958; Fig. 32—1) 
at the University of California, Berkeley. It uses a magnetic field to maintain 
charged Ions——usually protons——m nearly circular paths. Although particle physi- 
cIsts no longer use simple cyclotrons, they are used in medicine for treating cancer, 
and therr operating principles are useful for understanding modern acceleratOrs. 
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FIGURE 32-2 Diagram of a 
cyclotron. The magnetic field, 
applied by a large electromagnet, 
points Iinto the page. The protons 
start at A, the Ion source. The red 
electric field lines shown are for the 
alternating electric field in the gap at 
a certain momenI. 
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The protons move 1n a vacuum 1nside two D-shaped cavifies, as shown in Hg. 32—2. 
Each time they pass Into the gap between the “dees,” a voltaøe accelerates them 
(the electric force), increasing their speed and increasing the radius of curvature 
Of theIr path In the magnetic field. After many revolutions, the protons acquire 
high kinetic energy and reach the outer edge of the cyclotron where they strike 
a target. The protons speed up only when they are In the gap bef+ueen the dees, 
and the voltage must be alternating. When protons are moving to the righft acrOss 
the gap In Fig. 32—2, the ripght dee must be electrically negative and the left one 
positive. A half-cycle later, the protons are moving to the left, so the left dee must 
be negative 1n order to accelerate them. 

The frequency, ƒ, of the applied voltage must be equal to the frequency of the 
circulating protons. When 1ons of charge g are circulating ?0/hin the hollow dees, 
the net force F on each 1on 1s due to the magnetic field Ö, so Ƒ = g0, where 1s 
the speed of the ion at a given moment (Eq. 20-4). The magnetic force is perpen- 
dicular to both ÿ and B, and does not speed up the ions but causes them to move 
in circles; the acceleration within the dees is centripetal and equals ”/r, where r 
1S the radius of the 1on”®s path at a gIven moment. We use Newton”s second law, 
EF = ma, and find that 


F = ma 
2 

[//10 

quB = —— 


when the protons are within the dees (not the gap), so their (constanf) speed at 
radIus r 1s 
` qBr 


m 
The time required for a complete revolution 1s the period 7 and 1s equal to 
distance 2mr 2mm 


sped  gBr/m  qB 
Hence the frequency of revolution ƒ 1s 


1 qB 


"= (32-2) 


2mm. 
Thịs 1s known as the cyclotron frequency. 


Cyclotron. A small cyclotron of maximum radius 
R =0.25m accelerates protons in a 1.7 T magnetic field. Calculate (2) the 
frequency needed for the applied alternating voltage, and (b) the kinetic energøy 
Of protons when they leave the cyclotron. 
APPROACH The frequency of the protons revolving within the dees (Eq. 32—2) 
musf equal the frequency of the voltage applied across the gap 1ƒ the protons are 
øoIng to Increase 1n speed. 
SOLUTION (a) From Eq. 32-2, 
qB (1:6 %.10*Cll1.7T) 
ĐT (6.28)(1.67 x 107?kg) 
which 1s in the radio-wave region of the EM spectrum (Fig. 22-8). 
(b) The protons leave the cyclotron at rz = ® = 0.25m. From quB = m%”/r 
(see above), we have  = gBr/m, so their kinetic enerøy 1s 
1 — 1 q”B”R? _ qˆB”Rˆ 
2 2 mỸ 2m 
(16% 107G) (17 T)^(025 mì” 


= : = 14x10] = §7MeV. 
(2)(1.67 % 10” kg) 


NOTE The kinetic energy is much less than the rest energy of the proton 
(938 MeYV), so relativity is not needed. 
NOTE The magnitude of the voltasge applied to the dees does not appear in the 


formula for KE, and so does not affect the fñinal energy. But the hipher this 
voltage, the fewer the revolutfions required to bring the protons to full energy. 


= 26 x 107Hz = 26MHz, 


An Important aspect of the cyclotron 1s that the frequency of the applied 
voltage, as given by Eq. 32-2, does not depend on the radius z of the particle”s 
path. Thus the frequency does not have to be changed as the protons or 1Ons starf 
from the source and are accelerated to paths of larger and larger radH. But this 1s 
only true at nonrelafivistic energIes. At higher speeds, the momentum (Eq. 26-4) 
IS p = Y0 = mo/V1 — 02/c”, so min Eq. 32~2 has to be replaced by 7z and 
the cyclotron frequency ƒ(Eq. 32-2) depends on speed ø because  does. To keep 
the particles in sync, machines called synchroeyclotrons reduce the frequency 1n 
time fo correspond to the Increase of 77: (in Eq. 32-2) as a packet of charged 
particles increases in speed more slowly at larger orbits. 


Synchrotron 


Another way to accelerate relativistic particles 1s to Increase the magnetic field 
in time so as to keep ƒ(Eq. 32-2) constant as the particles speed up. Such devices 
are called synchrotrons; the particles move 1n a circle of fixed radius, which can 
be very large. The larger the radius, the greater the KE of the particles can be for 
a given magnetic field strength (see argument on previous page). The biggest 
synchrotron of all 1s at the European Center for Nuclear Research (CERN) in 
Geneva, Switzerland, the Large Hadron Collider (LHC). It is 4.3 km In radius, 
and 27km in circumference, and accelerates protons to 4'TeV (soon to be 
7 TeV). 

The 7euøiron accelerator at Fermilab (Fermi National Accelerator Laboratory, 
near Chicago, Illinois, has a radius of 1.0 km.” The Tevatron accelerated protons 
to about 1000 GeV = 1 TeV (hence its name, 1 TeV = 10!2eV). It was shut down 
in 2011. 

These large synchrotrons use a narrow ring of magnets (see Fig. 32-3) with 
cach magnet placed at the same radius from the center of the circle. The magnefs 
are Interrupted by gaps where hiph voltage accelerates the particles to higher 
speeds. Another way to describe the acceleration 1s to say the particles “surf” on 
a traveling electromagnetic wave within radiofrequency (RF) cavities. (The par- 
ticles are first given considerable energy In smaller accelerafors, “inJectors,” 
before being injected Into the large ring of the large synchrotron.) 

One problem of any accelerator 1s that accelerating electric charges radiate 
electromagnetic energy (see Chapter 22). Since Ions or electrons are accelerated 
in an accelerator, we can expect considerable energy to be lost by radiation. 
The effect increases with energy and 1s especially important 1n circular machines 
where centripetal acceleration 1s present, such as synchrotrons, and hence 1s called 
synchrofron radiation. Synchrotron radiation can be useful, however. Intense 
beams of photons (7 rays) are sometimes needed, and they are often obtained 
from an electron synchrotron. Strong sources of such photons are referred to as 
light sources. 


TRobert Wilson, who helped design the Tevatron, and founded the field of proton therapy 
(Section 31—6), expressed his views on accelerators and national security in this exchange with Senator 
John Pastore during testimony before a Congressional Committee in 1969: 


Pastore: “Is there anything connected with the hopes of this accelerator [the Tevatron] that in 
any way Involves the security of the country?” 


Robert Wilson: “No sir, I don”t believe so.” 
Pastore: “Nothing at all?” 

Wilson: “Nothing at all. ... ” 

Pastore: “It has no value In that respect?” 


Wilson: “It has only to do with the respect with which we regard one another, the dignity of men, 
our love of culture.... It has to do with are we øgood paInters, good sculpfors, great poets? 
I mean all the things we really venerafe in our country and are patriotic about_... 1t has 
nothing to do directly with defending our country except to make 1t worth defending.” 


FIGURE 32-3 The interior of the 
tunnel of the main accelerafor at 
Fermilab, showing (red) the ring of 
superconducting magnets used to 
keep particles moving In a circular 
path at the 1-TeV Tevatron. 
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FIGURE 32-4 Diagram of a simple 


linear accelerator. 


FIGURE 32-5 (a) The large circle 
represents the position of the tunnel, 
about 100m below the ground at 
CERN (near Geneva) on the 
French-SwIss border, which houses 
the LHC. The smaller circle shows 
the position of the Super Proton 
Synchrotron used for accelerating 
protons prior to Injection into the 
LHC. (b) Circulating proton beams, 
1n Opposite directions, Inside the 
vacuum tube within the LHC tunnel. 
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Linear Accelerators 


In a linear accelerafor (linac), electrons or ions are accelerated along a straight- 
line path, Hig. 32—4, passing throuph a series of tubular conductors. Voltage applied 
to the tubes 1s alternating so that when electrons (say) reach a gap, the tube in 
front of them 1s positive and the one they Just left 1s negative. At low speeds, the 
particles cover less distance 1n the same amount of time, so the tubes are shorter at 
first. Electrons, with the1r small mass, get close to the speed of light quickly, ø “+ c, 
and the tubes are nearly equal in length. Linear accelerators are particularly ImpOr- 
tant for accelerating electrons to avoid loss of energy due to synchrofron radiation. 
The largest electron linear accelerator has been at Stanford University (Stanford 
Linear Accelerator Center, or SLAC), about 3km (2m) long, accelerating 
electrons to 50 GeV. Linacs accelerating protons are used as Injecfors into circular 
machines to provide 1nitial kinetic energy. Many hospitals have 10-MeV electron 
linacs that strike a metal foil to produce 7 ray photons to 1rradiate tumOors. 


Colliding Beams 


High-energy physics experiments were once done by aiming a beam of particles 
from an accelerator at a statlonary target. But to obtain the maximum possible 
collision energy from a g1ven accelerator, two beams of particles are now acceler- 
ated to very hiph energy and are steered so that they collide head-on. One way to 
accomplish such colliding beams with a single accelerator 1s through the use of 
sforage rings, in which oppositely circulating beams can be repeatedly brought 
into collision with one another at particular points. For example, ím the 
experimentfs that provided strong evidence for the top quark (Section 32—9 and 
Fig. 32-15), the Fermilab Tevatron accelerated protons and antiprotons each to 
900 GeV, so that the combined energy of head-on collisions was 1.8 TeV. 

The largest collider 1s the Large Hadron Collider (LHC) at CERN, with a 
circumference of 26.7 km (Hig. 32—5). The two colliding beams are designed to each 
carry 7-TIeV protons for a total interaction energy of 14 TeV. For the experiments 
in 2011 and 2012 the total interaction energy was 7 TeV and 8 TeV. The protons 
for each of the beams, moving 1n opposite directions, are accelerated 1n several 
stages. The penultimate 1s SPS (Super Proton Synchrotron), seen in Fig. 32—-5a 
which accelerates protons from 28 GeV to the 450 GeV at which they are inJected 
1nto the LHC 1tself. 
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Elementary Particles 


Figure 32-6 shows part of one of the detectors (ATLAS) as It was being con- 
structed at the LHC. The detectors within ATLAS include silicon semiconductor 
detectors with huge numbers of pixels used to track particle paths and find their 
poInt ofinteraction, and to measure their radius of curvature in a magnetic field and 
thus determine their momentum (Section 20-4). Their energy 1s determined in 
“calorimeters” utilzing plastic, liquid, or dense metal compound crystal scintillatOrs 
(Section 30—13). 

In the planning stage 1s the International Linear Collider (TLC) which would 
have colliding beams of e~ and e” at around 0.3 to 1 TeV. It would utilize semicon- 
ductor detectors using CMOS (Section 25—1) with embedded transistors to allow 
fast readout. 


Protons at relativistic speeds. Determine the energy 
required to accelerate a proton In a high-energy accelerator (z) from rest to 
ò = 0.900c, and (5) from œ = 0.900c to ø = 0.999c. (c) What ¡is the kinetic 
energy achieved by the proton 1n each case? 


APPROACH We use the work-energy principle, which is still valid relativistically 
as mentioned In Section 26-9: W = AKE. 


SOLUTION The kinetic energy of a proton of mass 7 is given by Eq. 26—5, 
KE = (Y — 1)mc?, 


where the relafivistic factoOr 7 1s 


where 7¡ and 7; are for the Initial and final speeds, œ¡ = 0, œ; = 0.900c. 
(a) For 0 = ø¡ =0, 7¡ = 1; andfor øœ; = 0.900c 


1 
Y, = 2.29. 


1 — (0.900) 


For a proton, zcˆ = 938 MeV, so the work (or energy) needed to accelerate it 
from restfo ø; = 0.900c 1S 
W = AKE = (7;— Yị)mc? 
(2.29 - 1.00)(938MeV) = 1.21 GeV. 
(b) To go from œ; = 0.900c to 0; = 0.999c, we need 
1 


Y = = 224 
1 — (0.999)? 


So the work needed to accelerafte a proton from 0.900c to 0.999c 1s 
W = AKE = (7; = 2)rmc7 
= (22.4 — 2.29)(938MeV) = 18.9GeV, 


which 1s 15 times as much. 


(c) The kinetic energy reached by the proton in (2) is just equal to the work done 
on It, KE = 1.21 GeV. The final kinetic energy of the proton in (b), moving af 
0z = 0.999c, 1s 


KE = (%; — 1)mc” = (21.4)(938MeV) = 20.1 GeV. 
NOTE This result makes sense because, starting from rest, we did work 
W = 1.221GeV + 189GeV = 20.1GeV 


On 1t. 
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FIGURE 32-6 ATLAS, one of the 
large complex detectors at the LHC, 


1 1s shown here as 1t was being buIilt. 
co X⁄1 - 0e? l In 2012 it was used to provide 
evidence for the Higgs boson. Note 
The work-energy theorem becomes the people near the bottom. From 
2 2 ' the outside, the CMS detector at the 
W = AKE = (7: — 1)mnc — (7¡ = 1)mc ¬ (7 = 71)mc LHC looks similar. 


921 


(a) Repulsive force (children 
throwing pillows) 


(b) Attractive force (children grabbing 
pIllows from each other”s hands) 
FIGURE 32-7 Forces equivalent to 
particle exchange. (a) Repulsive 
force (children on roller skates 
throwing pillows at each other). 
(b) Attractive force (children 
grabbing pillows from each other”s 
hand§). 


FIGURE 32-8 Feynman diagram showing a photon 
acting as the carrier of the electromagnetic force 
between two electrons. Thĩs 1s sort Of an x vs.  graph, 
with í Increasing upward. Starting at the bottom, two 
electrons approach each other. As they get close, 
momentum and energy get transferred from one to 
the other, carried by a photon (or more than one), 
and the two electrons bounce apart. 


32-2 Beginnings of Elementary 
Particle Physics—Particle Exchange 


The accepted model for elementary particles today views guarks and leptfons as 
the fundamental constituenfs of ordinary matter. To understand our present-day 
view Of elementary particles, 1t 1s necessary to understand the ideas leading up to 
1s formulation. 

Elementary particle physics might be said to have begun In 1935 when the 
Japanese physicist Hideki Yukawa (1907—1981) predicted the existence of a new 
particle that would in some way mediate the strong nuclear force. To understand 
Yukawa'”s Idea, we first consider the electromagnetic force. When we first dis- 
cussed electricity, we saw that the electric force acts over a distance, without 
contact. To better percerive how a force can act over a distance, we used the Idea 
of a field. The force that one charged particle exerts on a second can be said to be 
due to the electric field set up by the first. Similarly, the magnetic field can be 
said to carry the magnetic force. Later (Chapter 22), we saw that electromagnetic 
(EM) fields can travel through space as waves. Finally, in Chapter 27, we saw that 
electromaønetic radiation (lipht) can be considered as either a Wave or as a 
collection of particles called phofons. Because of this wave—particle duality, 1t 1s 
possIible to imagine that the electromagnetic force between charged particles 1s 
due to 


(1) the EM field set up by one charged particle and felt by the other, or 


(2) an exchange of photons (7 particles) between them. 


It is (2) that we want to concentrate on here, and a crude analogy for how an 
exchange of particles could give rise to a force is supgested in Eig. 32—7. In part (a), 
two children start throwing heavy pillows at each other; each throw and each 
catch results in the child being pushed backward by the impulse. This 1s the equIv- 
alent of a repulsive force. On the other hand, 1f the two children exchange pillows 
by grabbing them out of the other person”s hand, they will be pulled toward 
each other, as when an atfractive force acts. 

For the electromagnetic force, 1t 1s photons exchanged between two charged 
particles that gIve rise to the force between them. A simple diagram descrIb- 
ing this photon exchange 1s shown 1n Fig. 32-8. Such a diagram, called a 
Feynman diagram after 1ts inventor, the American physicist Richard Feynman 
(1918—1988), is based on the theory of quantum elecfrodynamics (OED). 


€ e 
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Figure 32—8 represents the simplest case in OED, in which a single photon 1s 
exchanged. One of the charged particles emits the photon and recoils somewhat 
as a result; and the second particle absorbs the photon. In such a collision or 
interaciion, energy and momentum are transferred from one charged particle to 
the other, carried by the photon. The photon 1s absorbed by the second particle 
after 1t 1s emitted by the first particle and 1s not observable. Hence the photon 1s 
referred to as a virfual photon, in contrast to one that is free and can be detected 
by Iinstruments. The phofon is said to mediafe, or carry, the electromagnetic 
[Orce. 
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By analogy with photon exchange that mediates the electromagnetic force, 
'Yukawa argued that there ought to be a particle that mediates the strong nuclear 
force—the force that holds nucleons together 1n the nucleus. Yukawa called this 
predicted particle a meson (meaning “medium mass”). Figure 32—9 1s a Feynman 
diagram showing the original model of meson exchange: a meson carrying the 
strong force between a neufron and a proton. 

A rough estimatfe of the mass of the meson can be made as follows. Suppose 
the proton on the left in Eig. 32—9 1s at rest. For 1t to emit a meson would require 
enerøy (to make the mesons mass) which, coming from nowhere, would violate 
conservation of energy. But the uncertainty principle allows nonconservafion 
of energy by an amount AƑ I1 1t occurs only for a time Aí given by 
(AE)(At) 3 h/2m. We set AF cqual to the energy needed to create the mass 7 
of the meson: AE = mc”. Conservation of energy is violated only as long as the 
meson exists, which 1s the time Af required for the meson to pass from one 
nucleon to the other, where 1t 1s absorbed and disappears. lf we assume the 
meson travels at relatIvistic speed, close to the speed of light c, then A7 need be 
at most about Af = đ/c, where đ ¡is the maximum distance that can separate the 
1nferacting nucleons. Thus we can write 


h 
27 


li đến 
C 27r 


he 
SẮC hy ho 2— 
me (32-3) 

The range of the strong nuclear force (the maximum distance away 1t can be felt) 
1s small—not much more than the size of a nucleon or small nucleus (see 
Eq.30—1)—so let us take đ + 1.5 x 101m. Then from Eq. 32-3, 

h 6.6 x 10 J-s)(3.0 x 108 m/s 
TT. X ® f® x 21x10ˆ"J = 130MeV. 

2md (6.28)(1.5 x 10 'm) 
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The mass of the predicted meson, roughly 130 MeV/cŸ, is about 250 times the 
electron mass of 0.51 MeV/c7. 


EXERCISE B_ What effect does an increase In the mass of the virtual exchange particle 
have on the range of the force 1t mediates? (2) Decreases it; (b) Increases it; (c) has no 
appreciable effect; (đ) decreases the range for charged particles and increases the range 
for neutral particles. 


Note that since the electromagnetic force has infimite range, Eq. 32-3 with 
đ = œ tells us that the exchanged particle for the electromagnetic force, the 
photon, wIll have zero mass, which 1t does. 

The particle predicted by Yukawa was discovered In cosmic rays by C. F. 
Powell and G. Occhialini in 1947, and 1s called the “zr” or pi meson, or simply the 
pion. I( comes in three charge states: +e, —e, or 0, where e = 1.6 x 107C, 
The Zr* and zr~ have mass of 139.6 MeV/c? and the zr” a mass of 135.0 MeV/c?, all 
close to Yukawa”s prediction. AlI three imnteract strongly with matter. Reactions 
observed m the laboratory, using a particle accelerator, include 


Pp†ipDop+p+z 
Pp†po>p+n+”z. (32-4) 


The Incident proton from the accelerator must have sufficient energy to produce 
the additional mass of the free pion. 

Yukawa'”s theory of pion exchange as carrler of the strong force has been 
superseded by quamtưmn chromodynamics in which protons, neutrons, and other 
strongly interacting particles are made up of basic entities called guarks, and the 
baslc carriers of the strong force are g/zøøs, as we shall discuss shortly. But the 
basic idea of the earlier theory, that forces can be understood as the exchange of 
particles, remains valid. 


Meson 
= 


n 


FIGURE 32-9 Early model showing 
meson exchange when a proton and 
neutron Interact via the strong 
nuclear force. (Today, as we shall 
see shortly, we view the strong force 
as carried by øgluons between 


quarks.) 
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FIGURE 32-10 (a) Computer reconstruction of a Z-particle decay into an electron 
and a positron tên —> e'+ e) whose tracks are shown In whIte, which took 
place in the UA1 detector at CERN. (b) Photo of the UA1 detector at CERN as it 
was being buIllt. 19680s. 


There are four known types of fÍorce—or Inferactions—in nature. The 
electromagnetic force 1s carried by the photon, the strong force by gluons. What 
about the other two: the weak force and gravity? These too are believed to be 
mediated by particles. The particles that transmit the weak force are referred to 
as the W*, W-, and Z°, and were detected in 1983 (Eig. 32-10). The quantum 
(or carrier) of the gravitational force has been named the gravifon, but its 
exIstence has not been detected and 1t may not be detectable. 

A comparison of the four forces 1s øg1ven 1n Table 32—1, where they are listed 
according to their (approximate) relative strengths. Although gravity may be the 
most obvious force 1n daily life (because of the hupe mass of the Earth), on a 
nuclear scale øravity 1s by far the weakest of the four forces and 1ts effect at the 
particle level can nearly always be 1gnored. 


TABLE 32-1 The Four Forces in Nature 
Relative Strength (approx., 


Type for 2 protons in nucleus) Eield Particle 
Strong 1 Gluons (= g) 
Electromagnetic 102 Photon (= 7) 
Weak 10” W* and Z2 
Gravitational 10738 Graviton (?) 


32-3 Particles and Antiparticles 


The positron, as we discussed in Sections 27-6 (pair production) and 30-5 
(6” decay), 1s basically a positive electron. That is, many of its properties are the 
same as for the electron, such as mass, but 1t has the opposite electric charge 
(+e). Other quantum numbers that we will discuss shortly are also reversed. The 
pOoSIfron 1s said to be the antiparticle to the electron. 

The positron was first detected as a curved path In a cloud chamber In a 
magnetic field by Carl Anderson in 1932. It was predicted that other particles 
also would have antiparticles. It was decades before another type was found. 
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A 
" (not 
dã seen) 
SN LAI FIGURE 32-11 L¡quid-hydrogen bubble- 
chamber photograph of an antiproton (p) 
colliding with a profton at rest, producing a 
Ị Xi—anti-Xi pair (p + p —> - + 5'}) that 
| subsequently decay Into other particles. The 
EB- l Ä drawing Indicafes the assigznment of 
¡ particles to each track, which 1s based on 
+ 


TT Ị how or 1 that particle decays, and on mass 

Ị values estimated from measurement of 

Ị momentum (curvature of track in magnetic 
Ị field) and energy (thickness of track, for 
example). Neutral particle paths are shown 
by dashed lines since neutral particles rarely 
1On1ze atoms, around which bubbles form, 
and hence leave no tracks. 1950s. 


Finally, in 1955 the antiparticle to the proton, the anfiproton (p), which carriesa FIGURE 32-12 Emilio Segrè: he 
negative charge (Fig. 32-11), was discovered at the University of California,  worked with Eermi in the 1930s, later 
Berkeley, by Emilio Segrè (1905-1989, Eig. 32-12) and Owen Chamberlain  discovered the first “man-made” 
(1920-2006). A bar, such as over the p, is used to indicate the antiparticle (p).  €lement, technetium, and other 
Soon after, the antineutron (n) was found. All particles have antiparticles. But a elements, and then the antiproton. 
few, like the photon, the zr”, and the Higgs, do not have distinct antiparticles——we THỦ 108 20H 1008 ĐHÒY ĐRTDHDUTE 

` : Ñ from a book by Segrè given to this 
say that they are their own antIiparticles. b@oEfsapNidi, 

Antiparticles are produced 1n nuclear reactions when there is sufficient 
enersgy available to produce the required mass, and they do not live very long in 
the presence of matter. For example, a positron 1s stable when by 1tself but rarely 
survives for long; as soon as 1t encounters an electron, the two annihilate each 
other. The energy of their vanished mass, plus any kinetic energy they possessed, 
1s usually converted Into the energy of two 7 rays. Annihilation also occurs for 
all other particle-antiparticle paIrs. 

Anfimafter 1s a term refcrring to material that would be made up of 
“antiatoms” in which antiprotons and antineutrons would form the nucleus 
around which positrons (antielectrons) would move. The term 1s also used for 
antiparticles 1n general. If there were pockets of antimatter In the universe, 
a huge explosion would occur 1f it should encounter normal matter. It is believed 
that antimatter was prevalent in the very early universe (Section 33—7). 


* Negative Sea of Electrons; Vacuum State 3.2 


The original idea for antiparticles came from a relativistic wave equation devel- cự MT 2ø IesE” / : 
oped im 1928 by the Englishman P. A. M. Dirac (1902-1984). Recall that, as we Va¿4 fn =¬ ụ Si MÀU Wiến 
saw in Chapter 26, the total energy È of a particle with mass and momentunp  (¿ bu. nh 
and zero potential energy is given by Eq.26-9, E” = pˆc” + mfc!. Thus 


E = +\VWpˆ*c + mc°. 


Dirac applied his new equation and found that it included solutions with both 
+ and — signs. He could not ignore the solution with the negative sign, which we 
might have thought unphysical. If those negative energy states are real, then we 
would expect normal free electrons to drop down into those states, emifting 
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normal 
electrons 


FIGURE 32-13 (a) Possible energy states 
for an electron. Note the vast sea of fully 
occupied electron states at  < —mc”. 

(b) An electron in the negative sea is hit by 
a photon (E > 2mc?) and knocks it up to a 
normal positive energy state. The posItive 
“hole” left behind acts like a positive 


electron—If 1s a poSitron. n€gafIve 
bu hole =eT 
(a) (b) 


photons—never experimentally seen. To deal with this difficulty, Dirac postu- 
lated that all those negative energy states are normally occupied. That 1s, what we 
thought was the yacuum 1s instead a vast sea of elecfrons in negative energy 
states (Fig. 32—13a). These electrons are not normally observable. But if a photon 
strikes one of these negatfive energy electrons, that electron can be knocked up to 
a normal (E > mc?) energy state as shown in Eig. 32-13b. Note in Eig. 32-13 
that there are no energy states between # = —nc” and E = +mc? (because 
pˆ cannot be negafive in the equation # = + Víp?c? + mm°c!). The photon that 
knocks an eˆ from the negative sea up to a normal state (Eig. 32—13b) must have 
an energy greater than 2c”. What is left behind ¡s a hole (as in semiconductors, 
Sections 29—7 and 29—8) with positive charge. We call that “hole” a posifron, and 
1t can move around as a free particle with positive energy. Thus Eig. 32—13b 
represents (Section 27-6) pair producfion: Ý — e e”. 

The vast sea of electrons with negative energy In Fig. 32—13 is the vacuum (or 
vacuum sfafe). According to quantum mechanics, the vacuum ¡s not empty, but 
contains electrons and other particles as well. The uncertainty principle allows 
a particle to Jump briefly up to a normal energy, thus creating a partficle-anfiparficle 
pAar. It 1s possible that they could be the source of the recently discovered đark 
energy that fills the universe (Chapter 33). We still have a lot to learn. 


32-4 Particle Interactions and 
Conservation Laws 


One of the important uses of high-energy accelerators and colliders 1s to study 
the Imnteractions of elementary particles with each other. As a means of ordering 
this subnuclear world, the conservation laws are Iindispensable. The laws of 
conservafion of energy, of momentum, of angular momentum, and of electric 
charge are found to hold precisely In all particle Interactions. 

A study of particle Interactions has revealed a number of new conservafion 
laws which (just like the old ones) are ordering principles: they help to explain 
why some reactions occur and others do not. For example, the following reaction 
has never been observed: 


prn*x»p+p+rp 


even thouph charge, enerøy, and so on, are conserved (x> means the reaction 
does not occur). To understand why such a reaction does not occur, physicists 
hypothesized a new conservation law, the conservaton of baryon number. 
(Baryon number is a generalization of nucleon number, which we saw earlIer 1s 
conserved in nuclear reactions and decays.) All nucleons are defined to have 
baryon number Ö = +1, and all antinucleons (antiprotons, antineutrons) have 
B = —I. All other types of particles, sụch as photons, mesons, and electrons and 
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other leptons, have  = Ú. The reaction shown at the sfart of this paragraph does 
not conserve baryon number since the left side has Ö = (+1) + (+1) = +2, 
and the ripht has B = (+1) + (+1) + (—1) = +1. On the other hand, the 
following reaction does conserve and đøes occur 1Ÿ the Incoming proton has 
sufficlent energy: 


p+?Ðø?P =E+*PT^PT”E. 
B= +1+1= +1I+1—-1+1d. 


As Imndicated,  = +2 on both sides of this equation. From these and other 
reacfions, the conservafion of baryon number has been established as a basic 
principle of physics. 
AIso useful are conservation laws for the three lepton numbers, associated 
with weak Interactions including decays. In ordinary 8 decay, an electron or pOSI- 
tron 1s emitted along with a neutrino or antineutrino. In another type of decay, &® CAUTION 
a particle known as a “” or mươn, can be emitted Instead of an electron. The different types 0ƒ neutrinos 
The muon (discovered ¡in 1937) seems to be much like an electron, except Ifs are not identical 
mass is 207 times larger (106 MeV/c”). The neutrino (»„) that accompanies an 
emitted electron is found to be different from the neutrino (z„) that accompanies 
an emif(ed muon. Each of these neutrinos has an antiparticle: ; and z„. In 
ordinary 8 decay we have, for example, 


n>p+e + 


but not n *> p+e_ + z„. To explain why these do not occur, the concept of 
electron lepton number, /„, was invented. If the electron (e) and the electron 
neufrino (,) are assipned L„ = +1, and e” and 1#, are assigned L„ = -—1, 
whereas all other particles have L¿ = 0, then all observed decays conserve Lạ. 
For example 1n n->p+e +”, mưally /L¿=0, and affterward 
Ly = 0+ (+1) + (—1) =0. Decays that do not conserve L„, even thouph they 
would obey the other conservation laws, are not observed fO OCCUT. 
In a decay Iinvolving muons, such as 


` —> ` + Đụ, 


a second quantum number, muon lepton number cm, 1s conserved. The and ø„ 
are assigned L„ = +1, and their antiparticles „” and 1„have L„„ = —1, whereas 
all other particles have L„ = 0. L„ too 1s conserved in interactions and decays. 
Similar assignments can be made for the tau lepton number, L„, associated with 
the 7 lepton (discovered in 1976 with mass more than 3000 times the electron 
mass) and 1s neutrino, „. 

Antiparticles have not only opposite electric charge from thetr particles, but 
also opposite , L,, L„, and L„. For example, a neutron has  = +I1, an 
antineutron has 8 = —1 (and all the J”s are zero). 


CONCEPTUAL EXAMIPLE 32-4 | Lepton number in muon decay. Which 


of the following decay schemes 1s possible for muon decay: (4) „ —> ©_ + 1; 
(b) ` —> €T + ty +ứ,; (c)  —> ©eF + mẹ? AlI of these particles have 
L, = 0. 


RESPONSE A  has L„ = +1 and L¿ = 0. Thís 1s the imitial state for all 
decays given, and the final state must also have L„ = +1, L¿ = 0. In (4), the 
final state has L„ = 0+ 0=0, and L¿ = +1 —1=0; L„ would not be 
conserved and mndeed this decay 1s not observed to occur. The final state of 
(b) has L„ =0 +0+1= +1 and L¿ = +1 — 1+0=0, so both L„ and 
Ty are conserved. This 1s 1n fact the most common decay mode of the . Lastly, 
(c) does not occur because /„ (= +2ïn the final state) Is not conserved, nor 
1s bự. 
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Energy and momentum are conserved. In addition to the 

“number” conservation laws which help explain the decay schemes oŸ particles, 

we can also apply the laws of conservation of energy and momentum. The decay 

ofa ** particle at rest with mass 1189 MeV/c? (Table 32-2 in Section 32-6) can 

yield a proton (z„ = 938 MeV/c?) and a neutral pion, zr” (mạo = 135 MeV/c”): 
>5' >p + 


Determine the kinetic energies of the proton and zr?. 


APPROACH. We find the energy release from the change in mass (E = zmc?) as 
we did for nuclear processes (Eq. 30-2 or 31-2a). Then we apply conservation 
Of energy and momentum, using relativistic formulas as the energles are large. 


SOLUTION The energy released, @ = KEp + KE„o, is the change in mass X c”: 
Q = [ms: — (my + mạ)|c° = [1189 — (938 + 135)]MeV = 116MeV. 
Next we apply conservation of momentum: the initial particle * is at rest, so the zr? 


and p have opposite momentum but are equal in magnitude: p„o = pp. We square 
this equation, 2s = p2, which becomes, using Eq. 26-9 (p°c” = E? — m°c°, 


E2 T— mac! = TH) — mặc”. 
Solving for F?u: 
Em Tan - mặc" + m2uc'. 
We substitute Eq.26-6a, E = KE + mc”, for both the Zr° and the p: 
(KE„o + mac? = (KEp + Hộ)" = mặc” + maact 


KE2o + 2KE„o„oC” + ïấ2ec` = KEO + 2KEpipC” + mộc" — mặc” + Me". 
Next (after cancelling as shown) we substitute KE, = Q — KEo: 
KE35 + 2KE„om„øc” = Q” — 2QKE„o + KE25 + 2Qmpc” — 2KE„onpc?. 
After cancelling as shown, we solve for KE„o: 
@*+2Qm,c7 (116 MeV)?+2(116 MeV)(938 MeV) 
LIỆC 2m,aơ”+ 2Q+ 2mC” __ 2(135 MeV) +2(116 MeV) +2(938 MeV) 
which gives KEzo = 97 MeV. Then KEp = 116 MeV — 97MeV = 19 MeV. 


32—5 Neutrinos 


We first met neutrinos with regard to @ decay ¡in Section 30—5. The study of 
neutrinos 1s a “hot” subJect today. Experiments are being carried out In deep 
underground laboratories, sometimes 1n deep mine shafts. The thick layer of 
earth above 1s meant to filter out all other “background” particles, leaving mainly 
the very weakly Interacfing neutrinos to arrive at the detectors. 

Some very Important results have come to the fore In recent years. Eirst there 
was the solar neutrino problem. The energy output of the Sun 1s believed to be 
due to the nuclear fusion reactfions discussed in Chapter 31, Eqs. 31—6 and 31—7. 
The neutrinos emitted in these reactions are all z¿ (accompanied by e”). But 
the rate at which w¿ arrive at Earth was measured starting In the late 1960s to be 
much less than expected based on the power output of the Sun. It was then pro- 
poscd that, on the long trip between Sun and Earth, z¿ might turn IntO „ OT r;. 
Subsequent experiments, defmitive only in 2001, confirmed this hypothesis. Thus 
the three neutrinos, „, ”„,;, can change ¡nto one another In Ce€rfain CIr- 
cumstances, a phenomenon called neufrino flavor oscillation'. (Each of the three 
neutrino types ¡s called, whimsically, a different “flavor.”) This result supøests 
that the lepton numbers L„, L„, and L„ are not perfectly conserved. But the sum, 
L¿ + L„ + L;, 1s believed to be always conserved. 


TNeutrino oscillations had first been proposed in 1957 by Bruno Pontecorvo. He also proposed that 
the electron and muon neutrinos are different species; and he also suggested a way to confirm the 
exis(ence of neufrinos by detecting ¿ emitted in huge numbers by a nuclear reactor, an experiment 
carried out by Frederick Reines and Clyde Cowan in the 1950s. The experimentalists who confirmed 
these two predictions were awarded the Nobel Prize, but not the theorist who proposed them. 


The second exceptional result has long been speculated on: are neutrinos 
massless as oripinally thought, or do they have a nonzero mass? Rough upper 
limts on the masses have been made. Today astrophysical experiments show that 
the sum of all three neutrino masses combined is less than about 0.14eV/c?. But 
can all the masses be zero? Not 1ƒ there are the flavor oscillations discussed above. 
lt seems that at most, one type could have zero mass, and 1t 1s likely that at least 
one neutrino type has a mass of at least 0.04 eV/c7. 

As a result of neutrino oscillations, the three types of neutrino may not be 
exactly what we thoupht they were (e, , 7). If not, the three basic neutrinos, 
called 1, 2, and 3, are combinations oŸ „, „, and 1„. 

Another oufstanding question 1s whether or not neutrinos are in the cateøOTy 
called Majorana particles,' meaning they would be their own antiparticles, like 
7, 7r!, and Higgs. If so, a lot of other questions (and answers) would appear. 


* Neutrino Mass Estimate from a Supernova 


The explosion of a supernova 1n the outer parts of our Galaxy In 1987 
(Section 33-2) released lots of neutrinos and offered an opportunity to estimate 
electron neutrino mass. If neutrinos do have mass, then their speed would be less 
than c, and neutrinos of different energy would take different times to travel the 
170,000 light-years from the supernova to Earth. To get an idea of how such a 
measurement could be done, suppose two neutrmos from “SNÑ1987A” were 
emitted at the same time and were actually detected on Earth (via the reaction 
y+p — n+e”) 10 seconds apart, with measured kinetic energies of about 
20 MeV and 10 MeV. From other laboratory measuremenfts we expect the neutrino 
mmass to be less than 100 eV; and since our neutrinos have kinetic energy o£20 MeV 
and 10 MeV, we can make the approximation „c” << E, so that (the total 


enerøy) 1s essentially equal to the kinetic eneregy. We use Eq. 26-6b, which tells us 


y€” 


W© solve this for 0, the velocIty of a neutrino with energy È: 


mặc" 5 mặc" 
Ð = c|I n = c|l TÔ h là 
E 2E 


: : : 1 
where we have used the binomial expansion (1 — x)2 = 1 — ‡x +--, and we 
ignore higher-order terms since zzc << E”. The time / for a neutrino to travel 
a distance đ (= 170,000 ly) 1s 


d d d ĩ mộc" 
: Đ l —] ` sở * 2E? j 
c|1 — 
2F? 


where again we used the binomial expansion lết —x)!=1+x+ c«Ẳ The 
difference 1n arrival times for our two neutrinos of energies #¡ = 20 MeV and 
E„ = 10MeV 1s 


d mặc” ( 1 1 
f; li = = 2 E3 E‡ h 


We solve this for zm„c” and set í; — f¡ = 10: 


; _ | 2W — h) E]Ej 
m„c 
d HH =.E. 


E = 


Thịs calculation, with 1s optimistic assumpfions, estimates the mass of the neu- 
trino to be 22eV/c°. But there would be experimental uncertainties, and even 
worse there 1s the unwarranted assumption that the two neutrinos were emitted 
at the same time. 


ï[he briliant young physicist Ettore Majorana (1906-1938) disappeared from a ship under 
mysferious cireumstances in 1938 at the age of 31. 


1 
' = 22x 105MeV = 22eV. 


SECTION 32-5_ Neutrinos 


929 


Theoretical models of supernova explosions suggest that the neutrInos are 
emritfed 1n a burst that lasts from a second or two up to perhaps 10 s. IÝ we assume 
the neutrinos are not emitted simultaneously but rather at any time over a 10-s 
intervalL, then that 10-s đifference In arrival times could be due to a 10-s điffer- 
ence In their emission time. In this case the data would be consistent with zero 
neutrino mass, and it put an approximate #pper limit of 22 eV /cẺ. 

The actual detection of these neutrinos was brilliant—1t was a rare event that 
allowed us to detect something other than EM radiation from beyond the solar 
system, and was an exceptional confrmation of theory. In the experiments, the 
mostf sensitive detector consisted of several thousand tons of water in an under- 
ground chamber. It detected 11 events In 12 seconds, probably via the reaction 
1, + p —> n +”. There was not a clear correlation between energy and time of 
arrival. NÑonetheless, a careful analysis of that experiment set a rough upper limit 
on the electron antineutrino mass of about 4eV/c”. The more recent results 
mentioned above are much more definitive—they provide evidence that mass 1s 
much smaller, and that If 1s øøf zero——but precIse neutrino masses still elude us. 


32-6 Particle Classification 


In the decades after the discovery of the zr meson 1n the late 1940s, hundreds of 
other subnuclear particles were discovered. One way fo categor1ze the particles 
1S according to therr interactions, since not all particles 1nteract via all four of the 
forces known in nature (though all interact via pravity). Table 32-2 (next page) lists 
some of the more common particles classified In this way along with many oŸ their 
properties. At the top of 'ITable 32—2 are the so-called “fundamental” particles which 
we believe have no Internal structure. Below them are some of the “composite” 
particles which are made up of quarks, according to the Standard Model. 

The fundamental parficles include the gauge bosons (so-named after the 
theory that describes them, gauge theory), which include the gluons, the photon, 
and the W and Z particles; these are the particles that mediate (or “carry”) the 
strong, electromazgnetic, and weak interactions, respectively. 

AIso fundamental are the lepfons, which are particles that do not Interact via 
the strong force but do Interact via the weak nuclear force. Leptons that carry 
electric charge also Interact via the electromagnetic force. The leptons Include 
the electron, the muon, and the tau, and three types of neutrino: the electron neu- 
trino (z¿), the muon neutrino (w„), and the tau neutrino (;). Each lepton has an 
anfiparticle. Finally, the recently detected Higgs boson 1s also considered to be 
fundamental, with no Iinternal structure. 

The second category of particle in Table 32-2 1s the hadrons, which are 
composite particles (made up of quarks as we wIll discuss shortly). Hadrons are 
particles that Interact via the strong nuclear force and are said to be sfrongÌy interacfing 
parficles. They also interact via the other forces, but the strong force predominates 
at short distances. The hadrons Include the proton, neutron, pion, and many 
other particles. They are divided into two subgroups: baryons, which are particles 
that have baryon number +1 (or —1 in the case of their antiparticles) and, as we 
shall see, are each made up of three quarks; and mesons, which have baryon 
number = 0, and are made up of a quark and an antiquark. 

Only a few of the hundreds of hadrons (a veritable “zoo”) are included in 
Table 32-2. Notice that the baryons A, Š, Z, and Q all decay to liphter-mass 
baryons, and eventually to a proton or neutron. All these processes conserve 
baryon number. Since there 1s no particle lighter than the proton with 8 = +1, 
1f baryon number 1s strictly conserved, the proton 1fself cannot decay and 1s 
stable. (But see Section 32—11.) Note that Table 32-2 gives the mean life (7) of 
cach particle (as is done ín particle physics), not the half-life (71). Recall that 
they differ by a factor 0.693: r = 7!/In2 = 71/0.693, Eq. 30-7. The term 
lifetime in particle physics means the mean life 7 (= mean lifetime). 

The baryon and lepton numbers (B, Tạ; hạ, VI as well as strangeness $ 
(Section 32—8), as given in Table 32-2 are for particles; their antiparticles have 
OppOosite sign for these numbers. 
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TABLE 32-2 Particles (selected)† 


Forces Particle Anti- Mass B Lạ Lụ Lị S Mean life 
Category involved name Symbol particle Spin (MeV/c?) [antiparticleshave oppositesign]  (S) Principal Decay Modes 
Fundameníal 
Gauge bosons str Gluons 8 Self lỪ 0 0 0 0 0 0 Staable 
(force em Photon y Self 1 0 0 0 0 0 0 Stable 
CaTTI€TS) + T 3 s56 
w,em W W W 1 80.385 x 10 0 0 0 0 0_ 3x10 te, U„, U„, hadrons 
W VÀ z0 Self 1 9119x100? 0 0 0 0 0 3x102 eTe”, `”, r7”, hadrons 
Higgsboson  w,str Higgs H? Self 0 125 x 103 0 0 0 0 0 16x10 bb, Z0Z92, W*W_, gB, r7, YY 
Leptons w,emÏ Electron —Ng eT ; 0.511 #1 0 0 0 Stable 
Neutrino(e)  ”s Dẹ ¡ 0(<0.14eV/c)? 0 +! 0 0 0 Stable 
Muon Mˆ HF ! 105.7 00 +1 0 0 220x105 em, 
Neutrino ()  1„ Đụ ; 0(<0.14eV/c7)' 0 0 +1 0 0 Stable 
Tau TT TỶ ị 17717 0 0 0 +1 0 291x10  ?„w;,e mạw;,hadrons +r, 
Neutrino (7) 7; Dã ¡ 0(<014eV/c)) 0 0 0 +I 0 Stable 
Quarks w,em,str  (see Table 32-3) 
Hadrons (composife), selected 
Mesons str,em,w_ Pion TT T- 0 139.6 0 0 0 0 0 260x102 tụ 
(quark— m0 Self 0 135.0 0 0 0 0 0 085x101! 2y 
antiquark) # _ =8 bà #0 
Kaon K K 0 493.7 0 0 0 0 +I 124x10 Đụ, 141 
K§ K§ 0 497.6 0 0 0 0 +1 0895x101! z*z-, 2z9 
K† K} 0 497.6 0 0 0 0 +1 512x103 z*€ef?,m'u°,,3m 
Eta „? Self 0 547.9 0 0 0 00 51x10 2Y, 3m9, r*z~7Ẻ 
Rho p Self 1 715 0 0 0 00 44x 10? m*~, 2U 
pÏ p 1 775 0 0 0 00 44x 102 m*zU 
and others 
Baryons sír,em,w_ Proton p P ; 938.3 +1 0 0 0 0 Stable 
(3 quarks) Neutron n ñ Ị 93396 +1 0 0 0 0 882 pe P 
Lambda An AP ! 1157 +1 0 0 0 -1 263x102 pz-, n9 
Sigma >† P- ] 11894 +1 0 0 0 -1 080x101" pz? nr* 
S bu Ề 1926 +1 0 0 0 -I 74x10 A?%y 
by bu Ề 11974 +1 0 0 0 -1 148x10!° nự- 
Xi — ” Ề 13149 +l 0 0 0 -2 290x109 A00 
=N =M : 1217 +1 0 0 0 -2 164x100 A?zx- 
Omega Q Q† D 16725 +1 0 0 0 -3 082x100 EØz-, A%K-, Z9 
and others 


ÏSee also Table 32~4 for particles with charm and bottom. Š in this Table stands for “strangeness” (see Section 32-8). More detail online at: pdg.Ibl.gov. 
?Neutrinos partake only in the weak interaction. Experimental upper limits on neutrino masses are given in parentheses, as obtained mainly from the WMAP 
survey (Chapter 33). Detection of neutrino oscillations suggests that at least one type of neutrino has a nonzero mass greater than 0.04eV/c?. 


EXAMPLE 32-6 | Baryon decay. Show that the decay modes of the ” baryon 
g1ven 1n Table 32—2 do not violate the conservation laws we have studied up to 
now: energy, charge, baryon number, lepton numbers. 


APPROACH Table 32-2 shows two possible decay modes, (2) *” —> p + Z9, 
(b) S3” —> n+r'. All the particles have lepton numbers equal to zero. 


SOLUTION (2) Energy: for Š* —> p + 7r” the change in mass-energy is 
A(Mc?) = m;c? — mục” — mựuc? 
= 1189.4MeV - 938.3MeV - 135.0MeV =  +116.1 MeV, 
So energy can be conserved with the resulting particles having kinetic energy. 
Charge: + = +e +0, so charge 1s conserved. 
Baryon number: +1 = +1 +0, so baryon number 1s conserved. 
(b) Energy: for X* —> n + zr", the mass-energy change is 
A(Mc?) = myc? — mạc” — mực? 
= 1189.4MeV — 939.6MeV —- 1396MeV = +110.2MeV. 
Thịs reaction releases 110.2 MeV of energy as kinetic energy of the products. 
Charge: + = 0 + e, so charge 1s conserved. 
Baryon number: +1 = +1 +0, so baryon number 1s conserved. 
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FIGURE 32-14 Number of zr” particles 
scattered elastically by a proton target 
as a function of the incident zr” 

kinetic energy. The resonance shape 
representfs the formation of a short- 
lived particle, the A, which has a 
charge in this case of +2e (A”?). 
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32—7 Particle Stability and Resonances 


Many particles listed in Table 32—2 are unstable. The lifetime of an unstable par- 
ticle depends on which force 1s most acfive 1n causing the decay. When a stronger 
force Influences a decay, that decay occurs more quickly. Decays caused by the 
weak force typically have lifetimes of 10 13s or longer (W and Z. decay directly 
and more quickly). Decays via the electromagnetic force have much shorter 
lifetimes, typically about 10 '° to 10 ”?s, and normally involve a 7 (photon). 
Most of the unstable particles included in Table 32—2 decay either via the weak or 
the electromagnetic Interaction. 

Many particles have been found that decay via the strong Interaction, with 
very short lifetimes, typically about 10” s. Their lifetimes are so short they do 
not travel far enough to be detected before decaying. The existence of such 
short-lived particles 1s Inferred from their decay products. Consider the first such 
particle discovered (by Fermi), using a beam of zr" particles with varying 
amounts of energy directed throuph a hydrogen target (protons). The number of 
interactions (zr” scattered) plotted versus the pion”s kinetic energy is shown in 
Hig. 32-14. The large number of Interactions around 200 MeV led Fermi to 
conclude that the zr” and proton combined momentarily to form a short-lived 
particle before coming apart again, or at least that they resonated together for a 
short time. Indeed, the large peak In Fig. 32—14 resembles a resonance curve (see 
Figs. 11-18 and 21-46), and this new “particle”—now called the A—is referred 
to as a resonance. Hundreds of other resonances have been found, and are 
regarded as excited states of lighter mass particles such as a nucleon. 


Number of interactions 


Ị 
0 200 400 600 800 
Kinetic energy of zr” (MeV) 


The width of a resonance——in Hg. 32—14 the full width of the À peak at half 
the maximum 1s on the order of 100 MeV-—1s an Interesting application of the 
uncertainty principle. If a particle lives only 10s, then its mass (¡.e., is rest 
enerøy) will be uncertain by an amount 


h (6.6 x 103J-s) 
AE »x So E + 10J œ 100MeV, 
2m Ai (6)(10 ®s) 
which is what is observed. Actually, the lifetimes of ~ 10ˆ”s for such resonances 
are Inferred by the reverse process: from the measured width being + 100 MeV. 


32-8 Strangeness? Charm? 
Towards a New Model 


In the early 1950s, the newly found particles K, A, and 3 were found to behave 
rather strangely In two ways. First, they were always produced 1n palrs. For 
example, the reaction 
m +p—>K?°+A° 

occurred with high probability, but the similar reaction _ + p »> K?+n was 
never observed to occur even thouph 1t dịd not violate any known conservation law. 
The second feature of these strange parficles, as they came to be called, was that 
they were produced via the strong Interaction (that is, at a hipgh interaction rate), 


but did not decay at a fast rate characteristic of the strong Interaction (even 
thouph they decayed into strongly Interacting particles). 

To explain these observations, a new quantum number, sfrangeness, and a 
new conservafion law, conservafion of strangeness, were Iintroduced. By assigning 
the strangeness numbers (S) indicated in Table 32—2, the production of strange 
particles In palrs was explained. Antiparticles were assipned opposite strange- 
ness from their particles. For example, in the reaction zø_ +p —> K?+ A9, 
the Initial state has strangeness =0 +0=0, and the final state has 
$ = +1 —1=0, sostrangeness is conserved. Butfor r- + p >> K?+n, the 
1nitial state has % = 0 and the final state has § = +1 + 0 = +1, so strangeness 
would not be conserved; and this reaction 1s not observed. 

To explain the decay of strange partficles, It 1s assumed that strangeness 1s 
conserved 1n the strong Iinteraction but 1s n0øf conserued in the t+0eaK interaction. 
Thus, strange particles were forbidden by strangeness conservation to decay to 
nonstrange particles of lower mass via the strong 1nteraction, but could decay by 
means of the weak interaction at the observed longer lifetimes of 101? to 10ˆŠs, 

The conservafion of straneeness was the first example of a partially conserved 
quantity. In this case, the quantity strangeness 1s conserved by strong Interactions 
but not by weak. 


CONCEPTUAL EXAMPLE 32-7 


conservafion laws for particle Interactions, determine the possibilities for the 
1missing particle 1n the reaction 


Guess the missing particle. Using the 


m +p—> K?°+? 
in addition to K0 + A? mentioned above. 


RESPONSE We write equations for the conserved numbers In this reacftion, 
with Z, L„, S5, and @ as unknowns whose determination will reveal what the 
possible particle might be: 


Baryon number: 0+1 =0+8 
Lepton number: 0+0 = 0+ TL 
Charge: 1+1 =0+Q 
Sfrangeness: 0+0 = 1+ S. 
The unknown product particle would have to have these characterIstics: 
B = +] Ly = 0 Ø =0 $ = T1. 


In addition to A°, a neutral sigma particle, Š”, is also consistent with these 
numbers. 


In the next Section we wIll discuss another partially conserved quanfity 
which was given the name charm. The discovery in 1974 of a particle with charm 
helped solidify a new theory Involving quarks, which we now discuss. 


32-9 Quarks 


One difference between leptons and hadrons 1s that the hadrons Interact via the 
strong Interaction, whereas the leptons do not. There 1s an even more fundamen- 
tal difference. The six leptons (e”, My Ty Pey Pay U„) are considered to be truly 
fundamental particles because they do not show any 1nternal structure, and have 
no measurable size. (Attempts to determine the size of leptons have put an upper 
limit of about 1018 m.) On the other hand, there are hundreds of hadrons, and 
experiments Indicate they do have an Internal structure. When an electron 
collides with another electron, 1t scatters off as per CoulomBs law. But electrons 
scattering ofŸ a proton reveal a more complex pattern, implying Internal parts 
within the proton (= quarks). 


$*CAUTION 


Partially conserued quantities 
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FIGURE 32-15 This computer-generated reconstruction of a 
proton-antIproton collision at Fermilab occurred at an energy 
of nearly 2 TeV. It is one of the events that provided evidence 
for the top quark (1995). The multiwire chamber (Section 30-13) 
1S In a magnetic field, and the radius of curvature of the charged 
particle tracks 1s a measure of each particle's momentum 
(Chapter 20). The white dots represent signals seen on the 
electric wires of the multiwire chamber. The colored lines are 
particle paths. The top quark (t) has too brief a lifetime 
(~10 3s) to be detected itself, so we look for its possible decay 
products. Analysis Indicates the following Interaction and 
subsequent decays: 
DTD —t+tt 
DbW +b 
L› jet 
—_+P 
W*+tb 


|, lạ 
u+d 
Ly jet 
Jet 
The tracks in the photo include jets (groups of particles moving 
in roughly the same direction), and a muon (~) whose track is 


the pink one enclosed by a yellow rectangle to make It stand out. 


In 1963, M. Gell-Mann and G. Zweig proposed that none of the hadrons, not 
even the proton and neutron, are truly fundamental, but Instead are made up of 
combinations of three more fundamental pointlike entities called (somewhat 
whimsically) quarks.” Today, the quark theory is well-accepted, and quarks are 
considered truly fundamental particles, like leptons. The three quarks originally 
proposed were named up, down, and sfrange, with abbreviatlons u, d, s. The 
theory today has six quarks, Just as there are six leptons——based on a presumed 
sywncfry in nature. The other three quarks are called charm, boffom, and top (c, b, £). 
The names apply also to new properties of each quark (quantum numbers c, b, f) that 
distinguish these new quarks from the 3 original quarks (see Table 32-3). These 
properties (like strangeness) are conserved in strong, but not weak, interactions. 
Figure 32—15 shows one of the events that provided evidence for the top quark. 

All quarks have spin and an electric charge of either + or — še (that is, 
a fraction of the previously thoupht smallest charge e). Antiquarks have opposite 
sien of electric charge , baryon number Ö, strangeness ,Š, charm c, bottom b, 
and top í. Other properties of quarks are shown 1n Table 32—3. 


ÏGell-Mamn chose the word from a phrase in James Joyce's Fiwnegans Wake. 


TABLE 32-3 Properties of Quarks (Antiquarks have opposite sign O, B, S, e, b, f) 


Quarks 

Mass Charee BaryonNumber Strangenes Charm Bottom Top 
Name Symbol  (MeV/c?) L6) B s € b f 
Up u 2.43 +$e h 0 0 0 0 
Down đ 4.8 —3 š 0 0 0 0 
Strange S 95 —3# 3 =1 0 0 0 
Charm bs 1275 +$e 3 0 +1 0 0 
Bottom b 4180 —3$€ 3 0 0 —1 0 
TopÏ h 173,500 +'c 3 0 0 0 +1 


“The top quark, with its extremely short lifetime of 5 < 107?) s, does not live long enough to form hadrons. 
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TABLE 32-4 Partial List of Heavy Hadrons, with Charm and Bottom (L„ = L„ = L„ = 0) 


u 
Baryon 
Anti- Mass Number Sfrangenes Charm Bottom Mean life 
Category Paricle partcle Spin (MeV/c?) B s C b (s) Principal Decay Modes 
Mesons D" D 0 1869.6 0 0 +1 0 10.4 < 10! K + others, e + others 
D9 D° 0 1864.9 0 0 +1 0 41x10! K+others, w or e + others 
Dị Dẹ 0 1968.5 0 +1 +1 0 50x10! K+others 
J/ÿ (3097) Self 1 3096.9 0 0 0 0 0.71 x 1020 Hadrons, e*e”, „ ,- 
Y(9460)  Self 1 9460.3 0 0 0 0 12x 1070 Hadrons, w*u~, e*e”, 77” 
B B' 0 5279.3 0 0 0 —1 16x10! D°?+ others 
B9 B9 0 5279.6 0 0 0 —1 15x10! D°?+others 
Baryons A Ae 3 2286 +1 0 +1 0 2.0 x 1013 Hadrons (e.g., A + others) 
bNg bò ; 2454 +1 0 +1 0 29x10”? A‡m† 
b3 S ; 2453 +1 0 +1 0 >14x10” A‡m 
Số b3, 3 2454 +1 0 +1 0 30x10” A¿m. 
Ap A 3 5619 +1 0 0 =1 14x10? J/ÿA°, pD?x, A¿m'm m- 
AlI hadrons are considered to be made up of combinations of quarks (plus +? +Te 
the gluons that hold them together), and their properties are described by look- () Éitơu 
ing at ther quark content. Mesons consist of a quark-antiquark parr. For () : 
example, a 2" meson is a ud combination: note that for the ud pair (Table 32-3), liớ 
O =$f£e+3e= +l1e B=3‡—3=0, S=0+0=0, as they must for a 7”; : 
anda KỶ = us, with @ = +1, B=0, §= +1. A z°can be made of uu or dd. :@ @*“ 
Baryons, on the other hand, consist of three quarks. For example, a neutron \ v Neutron 
is n = ddu, whereas an antiproton is p = uud. See Eig. 32-16. Strange parti- ` 5 
cles all contain an s or s quark, whereas charm particles contain a c or c quark. -$€ 


A few of these hadrons are listed in Table 32-4. 

Current models suggest that quarks may be so tightly bound together that 
they may not ever exist singly in the free state. But quarks can be detected 
indirectly when they turn Into narrow jefs of other particles, as im Eig. 32-15. 
AIso, observations of very hiph energy electrons scattered ofŸ protons suggest 
that protons are indeed made up of constituents. 

Today, the truly fundamenfal partficles are considered to be the six quarks, 
the six leptons, the gauge bosons that carry the fundamental forces, and the 
Higgs (page 939). See Table 32—5, where the quarks and leptons are arranged in 
three “families” or “generatlons.” Ordinary matter—atoms made of protons, ` xố 

. . . - . 5€ kš⁄ 
neufrons, and electrons—Is contained 1n the “fñirst generation.” The others are 3 G ) 3 k† 
thought to have existed In the very early universe, but are seen by us today only 
at powerful colliders or 1n cosmic rays. All of the hundreds of hadrons can be 


accounted for by combinations of the six quarks and six antiquarks. FIGURE 32-16 Ouark compositions 
for several particles. 


EXERCISE € Return to the Chapter-Opening Questions, page 915, and answer them 
again now. Try to explain why you may have answered differently the first time. 


TABLE 32-5 The Fundamental Particles” of the Standard Model 


Gauge bosons y 8 VÁc W* 
Higgs boson H9 
Quarks and Leptons 
First øeneration u d e Ứẹ 
Second øeneration S c u Đụ 
Third generation b { 7 Lãi 


The graviton (G0) has been hypothesized but not detected and may not be detectable. 
It 1s not part of the Standard Model. 
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CONCEPTUAL EXAMIPLE 32-8 | Quark combinations. Find the baryon 


number, charge, and strangeness for the following quark combinations, and Iden- 
tify the hadron particle that is made up of these quark combinations: (2) udd, 
(b) uu, (c) uss, (đ) sdd, and (e) bu. 


RESPONSE We use Table 32-3 to get the properties of the quarks, then 
Table 32—2 or 32—4 to find the particle that has these properties. 


(z) udd has 
Ø= +ie—1 
B 


S=0+0+0=0, 


as well as c = 0, bottom = 0, top = 0. The only baryon (B8 = +1) that has 
Ø =0, S=(0, etc., is the neutron (Table 32-2). 

(b) uu has Q=$‡e—-$e=0, B=jš—-š=(0, and all other quantum 
numbers = 0. Sounds like a Z° (dd also gives a 7r°). 

(c) usshas @ =0, B= +1, §= —2, others = 0. This is a EZ°. 

(đ) sddhas @ = —1, B= +, S= -1, somust be a 3. 

() bu has @= -1, ö=0, S=0,c=0, bottom = -1, top=0. This 
must be aB_ meson (Table 32-4). 


| EXERCISED_ What is the quark composition of a Kˆ meson? 


32-10 The Standard Model: QCD 
and Electroweak Theory 


Not long after the quark theory was proposed, 1t was suggested that quarks have 
another property (or quality) called eolor, or “color charge” (analogous to elec- 
tric charge). The distinction between the six types of quark (u, d, s, c, b, £) was 
referred to as flavor. According to theory, each flavor of quark can have one of 
three colors, usually designated red, øreen, and blue. (These are the three prImary 
colors which, when added together In appropriate amounts, as on a TV screen, 
produce white.) Note that the names “color” and “flavor” have nothing to do with 
Our senses, but are purely whimslcal—as are other names, such as charm, 1m this 
new field. (We did, however, “color” the quarks In Eig. 32—16.) The antiquarks are 
colored antired, antigreen, and antiblue. Baryons are made up of three quarks, 
one of each color. Mesons consist of a quark—antiquark palr of a particular color 
and 1fs anticolor. Both baryons and mesons are thus colorless or white. 
Originally, the idea of quark color was proposed to preserve the Pauli exclu- 
sion principle (Sectlon 28-7). Not all particles obey the exclusion principle. 
Those that do, such as electrons, protons, and neutrons, are called fermions. 
Those that don”t are called bosons. These two categories are distinguished also 
in their spin: bosons have integer spin (0, 1, 2, etc.) whereas fermions have 
half-integer spin, usually ÿ as for electrons and nucleons, but other fermions 
have spin š,š, etc. Matter is made up mainly of fermions, but the carriers of 
the forces (7, W, Z„ and gluons) are all bosons. Quarks are fermions (they have 
spin 3) and therefore should obey the exclusion principle. Yet for three particular 
baryons (uuu, ddd, and sss), all three quarks would have the same quantum 
numbers, and at least two quarks have their spin in the same direction (since 
there are only two choIces, spin up [im; = + ;] Or spin down [m, =— 3]). Thịs 
would seem to violate the exclusion primcIple; but 1ƒ quarks have that additional 
quantum number cøfør, which 1s different for each quark, 1t would serve to 
distinguish them and allow the exclusion principle to hold. Although quark color, 
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and the resulting threefold increase 1n the number of quarks, was originally an 
ađ hoc 1dea, 1t also served to bring the theory Into better aøreement with experiment, 
such as predicting the correct lifetime of the zr? meson, and the measured rate of 
hadron production in observed eTe— collisions at accelerators. The idea of color 
soon became a central feature of the theory as determining the force binding 
quarks together In a hadron. 

Each quark 1s assumed to carry a color charge, analogous to electric charge, 
and the strong force between quarks 1s referred to as the color force. This theory 
Of the strong force 1s called quantum chromodynamies (chzorna = color In Greek), 
or QCD, to indicate that the force acfs between color charges (and not between, 
say, electric charges). The strong force between two hadrons is considered to 
be a force between the quarks that make them up, as suggested In Hig. 32—17. 


u (blue) d đed) p 1 


Gluon 


u đed) d (blue) n p 
(a) (b) 


FIGURE 32-17 (a) The force between two quarks holding them together as part of a proton, for 
example, is carried by a gluon, which ¡n this case involves a change in color. (b) Strong interaction 
n +p > n+p with the exchange of a charged z meson (+ or —, depending on whether it is 
considered moving to the left or to the ripht). (c) Quark representation of the same interaction 

n +p >n+p. The blue coiled lines between quarks represent gluon exchanges holding the 
hadrons together. (The exchanged meson may be regarded as ud emitted by the n and absorbed by 
the p, or as ud emitted by p and absorbed by n, because a u (or đ) quark going to the left in the 


điapram ïs equivalent to a u (or đ) goïing to the right.) 


The particles that transmit the color force (analogous to photons for the EM force) 
are called gluons (a play on “glue”). They are included in Tables 32-2 and 32-5. 
There are eipht gluons, according to the theory, all massless and all have color 
charge. 

You mipht ask what would happen 1ƒ we try to see a sinpgle quark with color 
by reaching deep Inside a hadron and extracting a single quark. Quarks are so 
tightly bound to other quarks that extracting one would require a tremendous 
amount of energy, so much that 1t would be sufficlent to create more quarks 
(E = mc?). Indeed, such experiments are done at modern particle colliders and 
all we get 1s more hadrons (quark-antiquark palrs, or triplets, which we observe 
as mesons or baryons), never an ¡solated quark. This property of quarks, that 
they are always bound In groups that are colorless, 1s called confinement. 

The color force has the Interesting property that, as two quarks approach 
each other very closely (equivalently, have high energy), the force between them 
becomes smaill. This aspect 1s referred to as asympfofic freedom. 

The weak force, as we have seen, is thought to be mediated by the W*, W”, 
and Z° particles. It acts between the “weak charges” that each particle has. Each 
fundamental particle can thus have electric charge, weak charge, color charge, and 
ØTavifational mass, although one or more of these could be zero. For example, all 
leptons have color charge of zero, so they do not Interact via the strong force. 


?Compare to the EM interaction, where the photon has no electric charge. Because gluons have color 
charge, they could attract each other and form composite particles (photons cannot). Such “glueballs” 
are being searched for. 


SECTION 32-10 The Standard Model: OCD and Electroweak Theory 837 


P 
——— 
udu e~ 
“_—% 
„Z 
zÝ“W- 
udd 
—— 


FIGURE 32-18 Ouark representation 
of the Feynman diagram for 6 decay of 
a neufron info a proton. Example 23-9. 


CONCEPTUAL EXAMIPLE 32-9 | Beta decay. Draw a Feynman diagram, 


showing what happens In beta decay using quarks. 


RESPONSE Beta decay is a result of the weak Interaction, and the mediatOor 1s 
either a W* or Z° particle. What happens, in part, is that a neutron (udd quarks) 
decays into a proton (uud). Apparently a d quark (charge — še) has turned 
into a u quark (charge +‡e). Charge conservation means that a negatively 
charged particle, namely a W~, was emitted by the d quark. Since an electron 
and an antineutrino appear In the final state, they must have come from the 
decay of the virtual W_ˆ, as shown In Fig. 32—18. 


To summarize, the Standard Model says that the truly fundamental particles 
(Table 32—5) are the leptons, the quarks, the øauge bosons (photon, W and Z„ and 
the gluons), and the Higgs boson. The photon, leptons, W*, W~, and Z° have all 
been observed ím experiments. But only combinations of quarks (baryons and 
mesons) have been observed In the free state, and it seems likely that free quarks 
and gluons cannot be observed In 1solation. 

One important aspect of theoretical work is the attempt to find a unifed 
basIs for the different forces In nature. This was a long-held hope of Emstein, 
which he was never able to fulfiI. A so-called gauge theory that unifies the weak 
and electromagnetic interactions was put forward in the 1960s by S. Weinberg, 
S. Glashow, and A. Salam. In this elecfroweak theory, the weak and electro- 
magnetic forces are seen as two different manifestatlons of a single, more 
fundamental, elecfro+eak 1nteraction. The electroweak theory has had many 
successes, including the prediction of the W particles as carriers of the weak 
force, with masses of 80.38 + 0.02 GeV/c” in excellent agreement with the 
measured values of 80.385 + 0.015 GeV/cˆ (and similar accuracy for the Z°). 

The combination of electroweak theory plus QOCD for the strong Interaction 
1S referred to today as the Standard Model (SM) of fundamental particles. 


EXAMPLE 32-10 | ESTIMATE | Range of weak force. The weak nuclear force 
1S OŸ very short range, meaning It acts over only a very short distance. Estimate 
is range using the masses (Table 32-2) of the WŸ and Z: ¿mm + 80 or 
90 GeV/c° x 10 GeV/c?. 

APPROACH We assume the W” or Z° exchange particles can exist for a 
time Aí given by the uncertainty principle (Section 28-3), Af ~ ñ/AF, where 
AE z mc” ïs the energy needed to create the virtual particle (W*, Z) that 
carries the weak force. 

SOLUTION Let Ax be the distance the virtualW or Z can move before it must 
be reabsorbed within the time Af + ñ/AE. To find an upper limit on Ax, and 
hence the maxImum range of the weak force, we let the W or Z travel close to 
the speed of light, so Ax < c Ar. Recalling that 1 GeV = 1.6 x 10 ”°J, then 

cŠ (3 x 10Ẻm/s)(10*J-s) 


Ax & cAI 3 ~ 10 #m, 
Lhyêo AE ` (1fGeV)(16 x 10J/GeV) H 


Thịs 1s Indeed a very small range. 


NOTE Compare this to the range of the electromagnetic force whose range 1s 
infinite (1/rˆ never becomes zero for any finite r), which makes sense because 
the mass ofits virtual exchange particle, the photon, 1s zero (in the denominator 
of the above equation). 


[We did a similar calculation for the strong force in Section 32-2, estimating 
the mass of the zr meson as exchange particle. In our deeper view of the strong 
force, namely the color force between quarks within a nucleon, the gluons have 
Zero mass, which Iimplies Infinite range (see formula in Example 32-10). We 
might have expected a range of about 10”! m (nuclear size). But according to the 
Standard Model, the color force 1s weak at very close distances and Increases 
greatly with distance (causinsg quark confinement). Thus ifs range could be infmite. | 
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Theoreticians have wondered why the W and Z have large masses rather 
than being massless like the photon. Peter Higøs and others in 1964 used elec- 
troweak theory to suggest an explanation by means of a Higgs field and 1ts 
particle, the Higgs boson, which interact with the W and Z⁄ to “slow them down.” 
In being forced to go slower than the speed of light, they would have to have 
mass (mm = 0 only IŸ » = c). Indeed, the Higgs field is thought to permeate the 
vacuum (“empty space”) and to perhaps confer mass on particles that now have 
mass by slowing them down. In 2012 strong evidence was announced at CERN”s 
Large Hadron Collider (Section 32-1) for a particle of mass 125 GeV/cÝ that is 
thought to be the long-sought Higgs boson of the Standard Model. But intense 
research continues, not only to better understand this particle, but to search for 
additional Higss-like particles suggested by theories that go beyond the Standard 
Model such as supersyrwmnetry (Section 32—12). 
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110 120 130 140 150 
Mass (energy) in GeV/c2 


Figure 32—19 shows the “resonance” bump (Section 32—7) that represenfs the 
Higgs boson as detected by the CMS team at the LHC. A second experiment, 
ATLAS, came up with the same mass. ATLAS 1s considered the largest sclentific 
experiment ever (see Fig. 32-20). 

There 1s no way to know 1f the Chapter-Opening Photo of a possible Higgs 
event, page 915, 1s actually a Higgs or 1s a background event. As can be seen 1n 
Fig. 32—19, there are many more background events around 125 GeV than there 
are 1n the resonance bump representing the Higgs boson. 


32-]l1 Grand UInified Theories 


The Standard Model, for all 1ts success, cannot explain some ImpOorfanf 1ssues—— 
such as why the charge on the electron has exacíy the same magnitude as the 
charge on the proton. Thịs 1s crucial, because 1f the charge magnitudes were even 
a te different, atoms would not be neutral and the resulting large electric 
forces would surely have made life impossible. Indeed, the Standard Model 1s 
now considered to be a low-energy approximation to a more complete theoTry. 

With the success of unified electroweak theory, theorIsfts are trying to 
Iincorporate 1t and OCD for the strong (color) force Into a so-called grand unified 
theory (GUT). 

One type of such a grand unified theory of the electromagnetic, weak, and 
strong forces has been proposed 1n which there 1s only one class of particle—— 
leptons and quarks belong to the same family and are able to change freely from 
one type to the other—and the three forces are different aspects of a single 
underlying force. The unity 1s predicted to occur, however, only on a scale Of less 
than about 103m, corresponding to a typical particle energy of about 10! GeV. 
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FIGURE 32-19 Evidence for the 


FIGURE 32-20 Fabiola Gianotti, 


leader of the ATLAS team 


(3000 physicists), at the LHC with 
theorist Peter Higgs, July 4, 2012, 
when the long hoped-for boson was 


announced. 
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FIGURE 32-21 Symmetry around 
a table. Example 32—11. 


lIf two elementary particles (leptons or quarks) approach each other to within 
this unification scale, the apparently fundamental distinction between them would 
nof exist at this level, and a quark could readily change to a lepfon, Or vice Versa. 
Baryon and lepton numbers would not be conserved. The weak, electromagnetic, 
and strong (color) force would blend to a force of a sinple strength. 

What happens between the unification distance of 103! m and more normal 
(larger) distances is referred to as symmefry breaking. As an analogy, consider an 
atom 1n a crystal. Deep within the atom, there is much symmetry——m the 
innermost regions the electron cloud is spherically symmetric (Chapter 28). 
Farther out, this symmetry breaks down——the electron clouds are distributed 
preferentially along the lines (bonds$) Joining the atoms in the crystal. In a similar 
way, at 103! m the force between elementary particles is theorized to be a single 
force—It 1s symmetrical and does not single out one type of “charge” over 
another. But at larger distances, that symmetry 1s broken and we see three dis- 
tinct forces. (In the “Standard Model” of electroweak interactions, Section 32-10, 
the symmetry breaking between the electromagnetic and the weak Interactlons 
Occurs at about 101m.) 


CONCEPTUAL EXAMIPLE 32-11 | Symmetry. The table in Fig. 32-21 has 


four 1dentical place settings. Four people sit down to eat. Describe the symmetry 
of this table and what happens to 1t when someone sfarts the meal. 


RESPONSE The table has several kinds of symmetry. It is symmetric to 
rotafions of 907: that 1s, the table will look the same 1Ý everyone moved one 
charr to the left or to the right. It 1s also north-south symmetric and east—west 
symmetric, so that swaps across the table don't affect the way the table looks. It 
also doesn"t matter whether any person picks up the fork to the left of the plate 
or the fork to the ripht. But once that first person picks up either fork, the 
choice 1s set for all the rest at the table as well. The symmetry has been broken. 
The underlying symmetry 1s still there—the blue glasses could still be chosen 
either way——but some choIce must get made and at that moment the symmetry 
of the diners 1s broken. 


Another example of symmetry breaking 1s a pencil standing on 1ts point 
before falling. Standing, 1t looks the same from any horizontal direction. From 
above, 1f 1s a tiny circle. But when it falls to the table, 1t poinfs In one particular 
direction—the symmetry 1s broken. 


Proton Decay 


Since unification 1s thoupht to occur at such tiny distances and huge energies, the 
theory 1s difficult to test experimentally. But it is not completely Iimpossible. One 
testable prediction 1s the idea that the proton mipht decay (via, for example, 
p — 7" + e”) and violate conservation of baryon number. This could happen if 
two quarks within a proton approached to within 10 3! m of each other. But it is 
very unlikely at normal temperature and energy, so the decay oŸ a proton can 
only be an unlikely process. In the simplest form of GUT, the theoretical estI- 
mate of the proton mean life for the decay mode p —> 7? + eŸ is about 10” yr, 
and this is now within the realm of testability. Proton decays have still not been 
seen, and experimentfs put the lower limit on the proton mean life for the above 
mode to be about 10 yr, somewhat greater than this prediction. This may seem 
a disappointment, but on the other hand, 1t presents a challenge. Indeed more 
complex GƯTs may resolve this confflict. 


 This is much larger than the age of the universe ( 14 10 yr). But we don't have to wait 10! yr to 
see. Instead we can wait for one decay among 10! protons over a year (see Eqs. 30-3a and 30-7, 
AN = ÀN Ai = NAi/7, and Example 32-12). 
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Proton decay. An experiment uses 3300 tons 
Of water waifting to see a proton decay of the type p —> 7? + e”. If the experi- 
ment 1s run for 4 years without detecting a decay, estimate the lower limit on the 
proton mean HIfe. 


APPROACH As with radioactive decay, the number of decays 1s proportional 
to the number of parent species (MN), the time ¡nterval (A7), and the decay 
constant (À) which 1s related to the mean life 7 by (see Eqs. 30-3 and 30—7): 


Af 

AN = ~ÀNAi = - TẾT, 
SOLUTION Dealing only with magnitudes, we solve or 7: 
NÀI. 

AN 

Thus for AM < 1 (we don't see even one decay) over the four-year trial, 

7 > N(4yr), 
where 1s the number of protons in 3300 tons of water. To determine , we nofe 
that each molecule of H;O contains 2 + 8 = 10 protons. So one mole of wafer 
(18g, 6x 103 molecules) contains 10 x 6 x 103 = 6 x 10?! protons in 18g of 
water (= 18 g/1000 g = 1/56 of a kg), or about 3 < 105 protons per kilogram. One 
ton is 10kg, so the 3300 tons contains (3.3 x 10°kg)(3 x 10? protons/kg) + 


1 x 103 protons. Then our very rough estimate for a lower limit on the proton 
mean life is z > (103)(4yr) ~ 4 x 103yr. 


œ <= 


* GUT and Cosmology 


An interesting prediction of unified theories relates to cosmolosy (Chapter 33). 
It was thought by many theorists that during the first 103 s after the theorized 
Big Bang that created the universe, the temperature was so extremely high that 
particles had energles corresponding to the unification scale. Baryon number 
would not have been conserved then, perhaps allowing an imbalance that might 
account for the observed predominance of matter ( > 0) over antimatter 
(B < 0) in the universe. The fact that we are surrounded by matter, with no sig- 
mificant antimatter In sipht, 1s considered a problem 1n search of an explanation 
(not given by the Standard Model). We call this the matter-antimaf(er problem. 
To understand 1t may requrre still undiscovered phenomena——perhaps related to 
quarks or neutrinos, or the Higgs boson or supersymmetry (next Section). 

Many theorists no longer think the Big Bang was sufficiently hot to create 
unification. Nonetheless we see that there 1s a deep connection between 
1nvestigations at either end of the size scale: theorles about the timest obJects 
(elementary particles) have a strong bearing on the understanding of the 
universe on a large scale. We look at this more In the next Chapter. 

Figure 32—22 1s a rough diagram indicating how the four fundamental forces 
in nature might have “condensed out” (a symmetry was broken) as time went on 
after the Big Bang (Chapter 33), and as the mean temperature of the universe 
and the typical particle energy decreased. 


Grand 
Unification 


FIGURE 32-22 Time and energy 

plot of the four fundamental forces, 
perhaps unified at the “Planck time” 
(10ˆ® s after the birth of the universe), 
and how each condensed out, 
assuming a very hot Big Bang. The 
symbol fapu means time after the birth 
of the universe. Note that the typical 
particle energy (and average 

Energy (GeV)!I0!8 101 010 106 102 ] temperature of the universe) decreases 
T(K) 1032 1023 hủ the ripht, as time Increases. 

fapu (S) 10s I0-Hs 


Suưronš 


Relative strength 
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32-12 Strings and Supersymmetry 


We have seen that the Standard Model 1s unable to address Important experimental 
1SSues, and that theoreticians are attacking the problem as experimenters search 
for new dafa, new particles, new concepts. 

Even more ambitious than grand unified theories are attempts to aÏsO 1nCOT- 
pOorate gravity, and thus unify all four forces in nature Info a single theory. (Such 
theories are sometimes referred to misleadingly as fheories of everyfhing.) A maJor 
attempt to unify all four forces 1s called sfring theory, introduced by Gabriele 
Veneziano in 1968: Each fundamental particle (Table 32—5) 1s Imagined not as a 
point but as a one-dimensional string, perhaps 10 3”m long, which vibrates in a 
pArticular standing wave pattern. (You might say each particle 1s a different note 
on a tiny stretched string.) More sophisticated theorIes propose the fundamental 
entities as beine multidimensional branes (after 2-]D membranes). 

A related idea that also goes way beyond the Standard Model 1s supersymmetry, 
which applied to strings is known as supersfring theory. Supersymmetry, 
developed by Bruno Zumino (1923— ) and Julius Wess (1934-2007), predicts that 
1nferactions exist that would change fermions Into bosons and vice versa, and 
that each known fermion would have a supersymmetric boson partner. Thus, for 
each quark (a fermion), there would be a squark (a boson) or “supersymmetric” 
quark. For every lepton there would be a slepfon. Likewise, for every known 
boson (photons and gluons, for example), there would be a supersymmetric 
fermion (phofinos and gluinos). Supersymmetry predicts also that a grauifon, 
which transmits the gravity force, has a partner, the gravifino. Supersymmetry 
(often abbreviated SUSY) offers solutions to a number of important theoretical 
problems. Supersymmetric particles are a candidate for the “dark matter” of the 
universe (discussed in Chapter 33). But why hasnt this “missing part” of the 
universe ever been detected? The best guess 1s that supersymmetric particles 
mmpht be heavier than their conventional counterparts, perhaps too heavy to have 
been produced 1n today's accelerators. A search for supersymmetric particles 
1s already being done at CERN”s new Large Hadron Collider. 

Versions of these theories predict other Iinteresting properties, such as that 
space has 11 dimensions, but 7 of them are “coiled up” so we normally only noftice 
the 4-D of space-time. We would like to know 1ƒ and how many extra dimensions 
there are, and how and why they are hidden. We hope to have some answers Írom 
the new LHC (Section 32—1). 

Some theorists think SUSY and other theories are approximations to a more 
fundamental, still undiscovered, M-theory. Edward Wi(ten coined the term 
when proposing an 11 dimensional approximation, but never said what “M” 
stands for. 

The world of elementary particles 1s opening new vistas. What happens In the 
future 1s bound to be exciting. 


 Summary 


Particle accelerafors are used to accelerate charged particles, 
such as electrons and protons, so they can have very hiph 
energy collisions with other particles. Hiph-energy particles 
have short wavelength and so can be used to probe the structure 
of matter in great detail (very small distances). High kinetic 
energy also allows the creation of new particles through colli- 
sions (via E = me?). 

Cyclotrons and synchrofrons use a magnetic field to keep 
the particles In a circular path and accelerate them at Intervals 
by high voltage. Linear accelerafors accelerate particles along 
a line. Colliding beams allow higher Interaction energy. 
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An anfiparticle has the same mass as a particle but opposite 
charge. Certain other propertles may also be opposite: for 
example, the antiproton has baryon number (nucleon number) 
opposite (B = —T) to that for the proton (B = +1). 

In all nuclear and particle reactions, the following conser- 
vation laws hold: momentum, angular momentum, mass—energy, 
electric charge, baryon number, and lepton numbers. 

Certan particles have a property called sírangeness, 
which 1s conserved by the strong force but not by the weak 
force. The properties charm, boffom, and top also are con- 
served by the strong force but not by the weak force. 


Just as the electromagnetic force can be said to be due to 
an exchange of photons, the strong nuclear force 1s carried by 
massless gluons. The W and Z particles carry the weak force. 
These fundamental force carriers (photon, W and Z, gluons) 
are called gauge bosons. 

Other particles can be classiled as either /epfons OT 
hadrons. Leptons participate only in gravity, the weak, and the 
electromagnetic ¡interactions. Hadrons, whiích today are 
considered composife particles, are made up of quarks, and 
participate In all four Interactions, Including the strong Interac- 
tion. The hadrons can be classiied as mesons, with baryon 
number zero, and baryons, with nonzero baryon number. 

Most particles, except for the photon, electron, neutrinos, 
and proton, decay with measurable mean lives varying from 
1072 s to 10s. The mean life depends on which force is pre- 
dominant. Weak decays usually have mean lives greater than 
about 10” s. Eleetromagnetic decays typically have mean lives 
on the order of 105 to 10”†” s. The shortest lived particles, called 
resonances, decay via the strong interaction and live typically 
for only about 10”? s. 

Today”s Standard Model of elemenfary particles considers 
quarks as the basic building blocks of the hadrons. The six 


quark “flavors” are called up, down, sfrange, charm, bot(om, 
and top. I( is expected that there are the same number of 
quarks as leptons (six of each), and that quarks and leptons are 
truly fundamental particles along with the gauge bosons 
(7,W, Z, gluons) and the Higgs boson. 

Ouarks are said to have color, and, according to quanfum 
chromodynamics (QOCD), the strong color force acts between 
their color charges and 1s transmitted by gluons. Elecfroweak 
theory views the weak and electromagnetic Íorces as twO 
aspecfs of a single underlying interaction. QCD plus the elec- 
troweak theory are referred to as the Sfandard Model of the 
fundamental particles. 

Grand unified theories of forces suggest that at very short 
distance (10 3m) and very high energy, the weak, electro- 
magnetic, and strong forces would appear as a single force, and 
the fundamental difference between quarks and leptons would 
disappear. 

According to sfring theory, the fundamental particles may 
be tiny strings, 10 3m long, distinguished by their standing 
wave pat(ern. Supersymmetry predicts that each fermion 
(or boson) has a corresponding boson (or fermion) partner. 


J Questions 


1. Give a reaction between two nucleons, similar to Eq. 32—4, 
that could produce a zr”. 


2. la proton 1s moving at very high speed, so that Its kinetic 
energy is much greater than its rest energy (zc?), can it 
then đecay via p —> n + 7”? 


3. What would an “antiatom,” made up of the antiparticles to 
the constituents of normal atoms, consist of? What mipht 
happen If aø/nafter, made of such antiatoms, came in 
contact with our normal world of matter? 


4. What particle in a decay sipnals the electromagnetic 
1nteraction? 


5. (a) Does the presence of a neutrino among the decay prod- 
ucts Of a particle necessarily mean that the decay Occurs 
via the weak interaction? (b) Do all decays via the weak 
1nteraction produce a neutrino? Explain. 


6. Why 1s 1t that a neutron decays via the weak Interaction 
even though the neutron and one of its decay products 
(proton) are strongly Iinteracting? 

7. Which of the four Interactions (strong, electromagnetic, 
weak, gravitational) does an electron take part In? 
A neutrino? A proton? 

§. Verify that charge and baryon number are conserved 1n 
each of the decays shown In Table 32-2. 

9. Which of the particle decays listed in Table 32-2 occur via 
the electromagnetic Interaction? 


10. Which of the particle decays listed in Table 32-2 occur by 
the weak Interaction? 

11. The A baryon has spin ÿ, baryon number 1, and charge 
ÓØ = +2, +1, 0, or =1. Why 1s there no charge state 
O=-2! 

12. Which of the particle decays in Table 32—4 occur via the 
electromagnetic interaction? 

13. Which of the particle decays In Table 32-4 occur by the 
weak Interaction? 

14. Quarks have spin ÿ. How do you account for the fact that 
baryons have spin š or ‡, and mesons have spin 0 or 12 

15. Suppose there were a kind of “neutrinolet” that was mass- 
less, had no color charge or electrical charge, and did not feel 
the weak force. Could you say that this particle even exIsts? 

16. Is it possible for a particle to be both (2) a lepton and a 
baryon? (b) a baryon and a hadron? (c) a meson and a 
quark? (đ) a hadron and a lepton? Explain. 

17. Using the ideas of quantum chromodynamics, would 1t be 
possible to find particles made up of two quarks and no 
antiquarks? What about two quarks and two antiquarks? 

18. Why can neutrons decay when they are free, but not when 
they are Inside a stable nucleus? 

19. Is the reaction e" + p —> n + 1s possible? Explain. 

20. Occasionally, the A wIll decay by the following reaction: 
AP — p† + e” + r„. Which of the four forces in nature is 
responsIble for this decay? How do you know? 


MisConceptual Questions 


1. There are six kinds (= flavors) of quarks: up, down, strange, 
charm, bottom, and top. Which flavors make up most of the 
known matter In the universe? 

(z) Up and down quarks. 

(5) Strange and charm quarks. 
(c) Bottom and top quarks. 
(đ) AlI of the above. 


2. Which of the following particles can not be composed of 
quarks? 
(a) Proton. 
(5) Electron. 
(c)  meson. 
(đ) Neutron. 
(c) Higgs boson. 
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3. If gravify is the weakest force, why 1s It the one we notice 


most? 

(a) Our bodies are not sensitive to the other forces. 

(5) The other forces act only within atoms and therefore 
have no effect on us. 

(c) Gravity may be “very weak” but always attractive, and the 
Earth has enormous mass. The strong and weak nuclear 
forces have very short range. The electromagnetic force 
has a long range, but most matter 1s electrically neutral. 

(đ) At long distances, the gravitational force is actually 
stronger than the other forces. 

(z) The other forces act only on elemenfary particles, not 
on obJecfs Our S1ze. 

-Ö Is it possible for a tau lepton (whose mass is almosf twice 

that of a proton) to decay Into only hadrons? 

(4) Yes, because 1t 1s so massive 1t could decay Into a 
proton and pIons. 

(b) Yes, it could decay Into pions and nothing else. 

(c) No, such a decay would violate lepton number; all of 
1(s decay products must be leptons. 

(đ) No, its decay products must inelude a tau neutrino but 
could include hadrons such as pions. 

(e) No, the tau lepton 1s too massive to decay. 

‹ Many particle accelerators are circular because: 

(2) particles accelerate faster around circles. 

(5) in order to move In a circle, acceleration 1s required. 

(c) a circular accelerator has a shorter length than a 
Square one. 

(đ) the particles can be accelerated through the same 
potential difference many times, making the 
accelerator more compact. 

(e) a particle moving in a circle needs more energy than a 
particle moving in a straight line. 


6. Which of the following are today considered fundamental 


particles (that ïs, not composed of smaller components)? 

Choose as many as apply. 

(a) Atoms. (Đ) Electrons. (c) Protons. (đ) Neutrons. 

(c) Quarks. (ƒ) Photon. (g) Higss boson. 

The electron”s antiparticle 1s called the positron. Which of 

the following properties, 1ƒ any, are the same for electrons 

and positrons? 

(a) Mass. 

(b) Charge. 

(c) Lepton numBber. 

(đ) None of the above. 

The strong nuclear force between a neutron and a proton 

1s due fO 

(2) the exchange of r mesons between the neutron and 
the proton. 

(b) the conservation of baryon number. 

(c) the beta decay of the neuftron into the proton. 

(đ) the exchange of gluons between the quarks within the 
neutron and the proton. 

() Both (2) and (đ) at different scales. 

Electrons are still considered fundamental particles (in the 

group called leptons). But protons and neutrons are no 

longer considered fundamental; they have substructure and 

are made up of 

(2) pions. (5) leptons. (c) quarks. (đ) bosons. (e) photons. 


. Which of the following will interact via the weak nuclear 


force only? 
(a) Quarks. (b) Gluons. (c)Neutrons. (đ) Neutrinos. 
(c) Electrons. (ƒ) Muons. (g) Higgs boson. 


For assigned homework and other learning materials, go to the MasteringPhysics website. (MP) 


j Problems 


32-1 Particles and Accelerators 9. (II The 1.0-km radius Fermilab Tevatron took about 


b 


. (D What 1s the total energy of a proton whose kinetic 
energy 1s 4.65 GeV? 


. (D Calculate the wavelength of 28-GeV electrons. 


.() IHÍ œø particles are accelerated by the cyclotron of 
Example 32-2, what must be the frequency of the voltaøe 
applied to the dees? 


. () What is the time for one complete revolution for a 
very hiph-energy proton In the 1.0-km-radius Fermilab 
accelerator? 


. (1) What strength of magnetic field is used in a cyclotron in 
which protons make 3.1 x 107 revolutions per second? 


(II) (z) If the cyclotron of Example 32-2 accelerated 
œ particles, what maximum energy could they attain? What 
would their speed be? (b) Repeat for deuterons (7H). (c) In 
each case, what frequency of voltage 1s required? 


. (T) Which ¡1s better for resolving details of the nucleus: 
25-MeV alpha particles or 25-MeV protons? Compare each 
Of their wavelengths with the size of a nucleon In a nucleus. 


. (T) What is the wavelength (= minimum resolvable size) 
of7.0-T1eV protons at the LHC? 
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20 seconds to bring the energIes of the stored protons from 
150 GeV to 1.0 TeV. The acceleration was done once per furn. 
Estimate the energy given to the protons on each turn. 
(You can assume that the speed of the protons is essentially 
c the whole time.) 

(H) A cyclotron with a radius of 1.0m ¡s to accelerate 
deuterons (7H) to an energy of 12 MeV. (z) What is the 
required magnetic field? (5) What frequency 1s needed for 
the voltage between the dees? (c) If the potential difference 
between the dees averages 22 kV, how many revolutions 
will the particles make before exiting? (đ) How much time 
does 1t take for one deuteron to øo from start to exit? 
(e) Estimate how far it travels during this time. 

(H) Show that the energy of a particle (charge e) In a 
synchrotron, In the relativistic limit (ø & c), 1s given by 
E (meV) = Brc, where Ø is the magnetic field and r is the 
radius of the orbit (SI units). 


32-2 to 32-6 Particle lInteractions, Particle Exchange 


12. ( About how much energy is released when a A? decays 


to n + 2? (See Table 32-2.) 


13. (1) How much enersy is released in the decay 


7” => MỀ + 0„? 
See Table 32-2. 


14. 


15. 


16. 


17 


18. 


19. 


20. 


21. 


22 


23. 


24 


25. 


4I. 


42. 


43. 


(D Estimate the range of the strong force ¡f the mediating 
particle were the kaon Instead of a pion. 

(D How much energy is required to produce a neutron— 
antineutron palr? 

(II) Determine the total energy released when ? decays 
to A? and then to a proton. 

(ID) TWwo protons are heading toward each other with equal 
speeds. What minimum kinetic energy must each have 1 a 


7rU meson is to be created in the process? (See Table 32-2.) 


(II) What minimum kinetic enerey must a proton and an 
antiproton each have I1f they are traveling at the same 
speed toward each other, collide, and produce a K“K” pair 
in addition to themselves? (See Table 32-2.) 

(H) What are the wavelengths of the two photons produced 
when a proton and antiproton at rest annihilate? 

(1) The A? cannot decay by the following reactions. What 
conservation laws are violated in each of the reactions? 

(4) A° *s»n+z 

(b) A? *> p+K” 

(c) A? *s xh + 

(II) What would be the wavelengths of the two photons 
produced when an electron and a posiftron, each with 
420 keV of kinetic energy, annihilate In a head-on collision? 


(H) Which of the following reactions and decays are possible? 

For those forbidden, explain what laws are violated. 

(4) m +p>n+ 

(b) m+p>n+z 

() m"+p>p+e' 

(4) p — e” +ửe 

() m” —> e” + tụ, 

Œ)p >n+ef+rw 

(H) Antiprotons can be produced when a proton with suffi- 

cient energy hifs a stationary proton. Even If there is enough 

energy, which of the following reactions will not happen? 
ÝØ=SP`E 
P†+†P-+P†+TPTP 
PTP—ĐPTPTP 

p†pop+te+r+rerp 


(HI) In the rare decay zør” —> e* + r„, what is the kinetic 
energy of the positron? Assume the zr” decays from rest 
and z„ = 0. 


(II) For the decay A2 -> p+ z, calculate (ø) the 
Ø-value (energy released), and (b) the kinetic energy of 
the p and z, assuming the A? decays from rest. (Use 
relativistic formulas.) 


What 1s the total energy of a proton whose kinetic energy 
1s 15 GeV? What is its wavelength? 

The mean lifetimes listed in Table 32-2 are in terms of 
proper time, measured In a reference frame where the par- 
ticle 1s at rest. IÝ a tau lepton 1s created with a kinetic energy 
of 950 MeV, how long would is track be as measured in 
the lab, on average, Iignoring any collisions? 

(a) How much eneregy is released when an electron and a 
positron annihilate each other? (5) How much energy 1s 
released when a proton and an antiproton annihilate each 
other? (All particles have KE % 0.) 


26. 


(HT) Calculate the maximum kinetic energy of the electron 
when a muon decays Írom rest via # —> €_ + 1 + ụ. 
[Hmr: In what direction do the two neutrinos move relative 
to the electron In order to give the electron the maxinum 
kinetic energy? Both energy and momentum are conserved; 
use relativistic formulas.] 


32-7 to 32-11 Resonances, Standard Model, 


27a 


28. 


29. 


30. 


3Ì: 


32. 


33. 


34 


b 


35. 


36. 


37. 


38 


39 


h 


40. 


AA. 


45. 


QOuarks, OCD, GUT 


(D The mean life of the S particle is 7 < 1072. What is the 
uncerftainty in 1(s rest energy? Express your answer in MeV. 
(I The measured width of the ÿ (3686) meson ¡s about 
300 keV. Estimate ¡ts mean life. 

(D The measured width of the J/# meson ¡is 88 keV. 
Estimate 1ts mean life. 

(D The B_ meson is a bu quark combination. (z) Show that 
this is consistent for all quantum numbers. (b) What are 
the quark combinations for B1, B0, B2? 

(1 What is the enerey width (or uncertainty) of (2) z9, and 
(b) p*? See Table 32-2. 

(IH) Which of the following decays are possible? For those 
that are forbidden, explain which laws are violated. 

(a3) B¬ S† +” 

(b) O0 — šU+ „+ 

() šS”—> A°+y + 

(H) In ordinary radioactive decay, a W particle may be 
created even though the decaying particle has less mass 
than the W particle. IÝ you assume AE  mass of the 
virtualW, what is the expected lifetime of the W2 

(ID What quark combinations produce (ø) a Z? baryon 
and (5)a 5” baryon? 


I) What are the quark combinations that can form 
(4) a neutron, (b) an antineutron, (c) a A?, (4) a >2 


(H) What particles do the following quark combinations 
produee: (2) uud, (5) uus, (c) us, (2) du, (e) es? 

(II) What is the quark combination needed to produce a 
D°?meson (O = B= $§=0, c= +1)? 


(I) The Dš meson has § = c = +1, B = 0. What quark 
combination would produce 1t? 


(IH) Draw a possible Feynman diagram using quarks (as in 
Eig. 32—17c) for the reaction ~ + p —>  +n. 


(I) Draw a Feynman diagram for the reaction 


n +, >p+. 


 General Problems 


If 2x 10!“ protons moving at  % c, with KE = 4.0 TeV, 
are stored In the 4.3-km-radius ring of the LHC, (z) how 
much current (amperes) Is carried by this beam? (b) How 
fast would a 1500-kg car have to move to carry the same 
kinetic energy as this beam? 


Protons are injected into the 4.3-km-radius Large Hadron 
Collider with an energy of 450 GeV. If they are accelerated 
by §.0MV each revolution, how far do they travel and 
approxIimately how much time does 1t take for them to 
reach 4.0 TeV? 
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48. 


49, 


h 
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33. 


1. 


'Which of the following reactions are possible, and by what 
1nteraction could they occur? For those forbidden, explain 
why. 

(4) m +p >K?+p+zm 

(b) K +p A°+ 

() Kh+n > š'+zm”+7 

(4) KT — mỦ + m0 + 7" 

() m” — e' + 


'Which of the following reactions are possible, and by what 
1nteraction could they occur? For those forbidden, explain 
why. 

(2) m+p—>KT+> 

(b)m"+p—>Kĩ+> 

() m +p A°+K?°+z 

(4) mh+p > >°9+m 

() m +p > p+e + 


One decay mode for a ” is 2” —> wÏ + rụ„. What would 
be the equivalent decay for a zr) Check conservation laws. 


Symmetry breaking occurs in the electroweak theory at 
about 10 1m. Show that this corresponds to an energy 
that is on the order of the mass of the W*. 


Calculate the Ó@-value for each of the reactions, Eq. 32-4, 
for producing a pion. 

How many fundamental fermions are there in a water 
molecule? 


The mass of a zr? can be measured by observing the reaction 
~ + p => 7 +n with initial kinetic energies near Zero. 
The neuftron 1s observed to be emitted with a kinetic energy 
of 0.60 MeV. se conservation of energy and momentum 
to determine the zr” mass. 


(a) Show that the so-called unification distance of 10! m 
1n grand unified theory Is equivalent to an energy of 
about 10! GeV. Use the uncertainty principle, and also 
de Broglie's wavelength formula, and explain how they 
apply. (b) Calculate the temperature corresponding to 
105 GeV. 


(a) What are the two major classes of particles that make 
up the matter of the universe? (b) Name six types, or 
flavors, of each class of particles. (c) What are the four 
known fundamental forces in the universe? (2) Name the 
particles that carry the forces In part c. Which force 1s 
much weaker than the other three? 


. (ø) What property characterizes all hadrons? (b) What 


property characterizes all baryons? (c) What property 
character1zes all mesons? 


. Show that all conservation laws hold for all the decays 


described In Fig. 32—15 for the decays of the top quark. 


ANSWERS TO EXERCISES 


“4. 


5». 


S6. 


31, 


58. 


59 


60. 


61. 


@&. 


63. 


4. 


5 


6. 


Calculate the Q-value for the reaction - +p —> A?+ KÙ, 
when negative plons strike statlonary protons. Estimate 
the minimum pion kinetic energy needed to produce this 
reaction. [Hiw: Assume A? and K? move off with the same 
velocity.] 
A proton and an antiproton annihilate each other at rest 
and produce two pions, z_ and zr*. What is the kinetic 
energy of each pion? 
For the reaction p + p — 3p + p, where one of the Ini- 
tiaÏl protons 1s at rest, use relativistic formulas to show that 
the threshold energy Is 67m c7, equal to three times the 
magnitude of the @-value of the reaction, where p 1s the 
proton mass. [Hí: Assume all final particles have the 
same velocity.] 
At about what kinetic energy (¡in eV) can the rest energy 
of a proton be ipnored when calculating 1s wavelength, 1ƒ 
the wavelensth is to be within 1.0% of its true value? What 
are the corresponding wavelength and speed of the proton? 
se the quark model to describe the reaction 
p+rn->zm +. 
Identify the missing particle in the following reactions. 
(2)p+p>p+n+zr+2? (5)p+?—=n+" 
What fraction of the speed of lipht c is the speed of a 
7.0-T1eV proton? 
sing the information in Section 32—1, show that the Large 
Hadron Collider”s two colliding proton beams can resolve 
details that are less than 1/10,000 the size of a nucleus. 
Searches are underway for a process called neutrinoless 
double beta decay, in which a nucleus decays by emitting 
two electrons. (ø) IÝ the parent nucleus is 3Zr, what would 
the dauphter nucleus be? (b) What conservation laws 
would be violated during this decay? (c) How could 29Zr 
decay to the same daughter nucleus without violating any 
conservation laws? 
Estimate the lifetime of the Higgs boson from the width of 
the “bump” In Eig. 32—19, using the uncertainty princIple. 
[Note: This is not a realistic estimate because the underlying 
prOcesses are very complicated.] 


j Search and Learn 


The Higgs boson, Section 32—10, has very probably been 
detected at the CERN LHC. (z2) If a Higss boson at rest 
decays In(o two tau leptons, what 1s the kinetic energy of 
each tau? Follow the analysis of Example 32-5. See 
Table 32-2. (b) What are the signs of the electric charges 
of the two tau leptons? (c) Could a Higss boson decay Into 
two Z bosons (Table 32—2)? 

(z) Show, by conserving momentum and energy, that 1{ 1s 
1mpossible for an Isolated electron to radiate only a single 
photon. (5) With this result in mind, how can you defend 
the photon exchange diapram in Fig. 32—82 

What magnetic field is required for the 4.25-km-radius 
Large Hadron Collider (LHC) to accelerate protons to 
7.0 TeV? [Himi: Use relativity, Chapter 26.] 


A: 1.24 x 10 !m = 1.24am. 
B: (a). 


€: (c); (đ). 
D: su. 
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Cosmology 


—Guess now! 


Ung recently, astronomers expected the expansion rafe of the universe would 
be decreasing. Why? 
Friction. 
The second law of thermodynamics. 
GravIty. 
The electromagnetic force. 
The universe began expanding right at the beginning. How long wIlÏ 1t continue 
to expand? 
UnHi it runs out oŸroom. 
UnHi friction slows 1t down and brings 1f to a stOp. 
Until all galaxies are moving at the speed of light relative to the cenfer. 
PossIbly forever. 


n the previous Chapter, we studied the timest obJects in the universe—the 

elementary particles. Now we leap to the grandest obJectfs 1n the universe—— 

stars, galaxies, and clusters of galaxles——plus the history and structure of the 
universe 1tself. These two extreme realms, elementary particles and the cosmos, 
are among the most Intriguing and exciting sub]Jects In sclence. And, surprisinply, 
these two extreme realms are related in a fundamental way, as was already hinted 
in Chapter 32. 


This Hubble eXtreme Deep Field 
(XDE) photograph ïs of a very small 
part of the sky. It includes what may 
be the most distant øalaxIes observable 
by us (small red and green squares, 
and shown enlarged In the corners), 
with z % 8.8 and 11.9, that already 
exis(ed when the universe was about 
0.4 billion years old. We see these 
galaxles as they appeared then, 

13.4 billion years ago, which 1s when 
they emitted this light. The most 
distant galaxies were young and small 
and grew to become large øalaxIes by 
colliding and merging with other 
small galaxIes. 

We examine the latest theories on 
how stars and galaxies form and 
evolve, Including the role of 
nucleosynthesis, as well as Einstein”s 
general theory of relativity which 
deals with gravity and curvature of 
space. We take a thorouph look at 
the evidence for the expansion of the 
universe, and the Standard Model of 
the universe evolving from an Initial 
Big Bang. We point out some 
unsolved problems, including the 
nature of dark matter and dark energy 
that make up mosf O Our unIverse. 
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FIGURE 33-1 Sections of the Milky 
'Way. In (a), the thin line ¡s the trail 
of an artificial Earth satellite In this 
long time exposure. The dark 
diagonal area 1s due to dust 
absorption of visible light, blocking 
the view. In (b) the view is toward 
the center of the Galaxy (taken in 
summer from Arizona). 


(b) 


Use of the techniques and ideas of physics to study the night sky 1s often 
referred to as astrophysics. Central to our present theoretical understanding of 
the universe (or cosmos) is Einstein's general theory oƒ relafioify which represents 
our most complete understanding of gravitation. Many other aspects of physics 
are Involved, from electromagnetism and thermodynamics to atomic and nuclear 
physics as well as elementary particles. General Relativity serves also as the 
foundation for modern cosmology, which is the study of the universe as a whole. 
Cosmology deals especially with the search for a theoretical framework to under- 
stand the observed unIverse, 1fs origin, and 1ts future. The questions posed by 
cosmology are profound and difficult; the possible answers stretch the Imagina- 
tion. They are questions like “Has the universe always existed, or dịd 1t have 
a beginning in time?” Either alternative 1s difficult to imagine: time going back 
indefinitely Into the past, or an actual moment when the universe began (but, 
then, what was there before?). And what about the size of the universe? Is it 
infimte In size? I{t is hard to imagine Infimity. Or 1s 1t finite in size? This 1s alsO 
hard to Iimagine, for 1f the universe 1s fimite, 1t does not make sense to ask what 1s 
beyond 1t, because the universe 1s all there 1s. 

In the last 10 to 20 years, so much progress has occurred In astrophysics and 
cosmology that many sclentists are calling recent work a “Golden Age” for 
cosmology. OQur survey will be qualitative, but we will nonetheless touch on the 
major ideas. We begin with a look at what can be seen beyond the Earth. 


33-1 Stars and Galaxies 


According to the ancients, the stars, except for the few that seemed to move 
relative to the others (the planets), were fixed on a sphere beyond the last planet. 
The universe was neatly self-contained, and we on Earth were at or near IS 
center. But in the centuries following Galileo”s ñrst telescopic observatlons of the 
nipht sky m 1609, our view of the universe has changed dramatically. We no 
longer place ourselves at the center, and we view the universe as vastly larger. 
The distances Iinvolved are so great that we specify them in terms of the time 
1t takes light to travel the g1ven đistance: for example, 


1light-second = (3.0 x 10Ÿm/s)(10s) = 3.0 x 10Ẻm = 300,000km; 
1lipght-minute = (3.0 x 10Ÿm/s)(60s) = 18 x 10°km. 


The most common unit ïs the lighf-year (ly): 


1ly = (2.998 x 10Ỷm/s)(3.156 x 10”s/yr) 
9.46 x 10”m + 10km + 10m. 


For specifying distances to the Sun and Moon, we usually use meters or kilo- 
meters, but we could specify them In terms of light seconds or minutes. The 
Earth-Moon distance 1s 384,000 km, which 1s 1.28 light-seconds. The Earth-Sun 
distance is 1.50 x 10!'m, or 150,000,000 km; this is equal to 8.3 light-minutes (ït 
takes 8.3 min for light emitted by the Sun to reach us). Far out in our solar system, 
Pluto is about 6 < 10”km from the Sun, or 6 x 10 ly. The nearest star to us, 
other than the Sun, 1s Proxima Centauri, about 4.2 ly away. 

On a clear moonless night, thousands of stars of varying degrees of brighfness 
can be seen, as well as the long cloudy stripe known as the Milky Way (Fig. 33—1). 
Galileo first observed, with his telescope, that the Milky Way 1s comprised of 
counfless individual stars. A century and a half later (about 1750), Thomas 
Wright suggested that the Milky Way was a flat disk of stars extending to great 
distances In a plane, which we call the Galaxy (Greek for “milky way”). 


ỨWe can also say this is about 5 light-hours. 
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Our Galaxy has a diameter of almost 100,000 light-years and a thickness of 
roughly 2000 ly. It has a central bulge and spiral arms (Fig. 33-2). Our Sun, which 
1s a star like many others, 1s located about halfway from the galactic center to the 
edge, some 26,000 ly from the center. Qur Galaxy confains roughly 400 billion 
(4 x 101) stars. The Sun orbits the galactic center approximately once every 
250 million years, so 1fs speed is roughly 200 km/s relative to the center of the 
Galaxy. The total mass of all the stars in our Galaxy 1s estimated to be about 
4 x 10”! kg of ordinary matter. There is also strong evidence that our Galaxy is perme- 
afed and surrounded by a massive invisible “halo” of “dark matter” (Section 33—9). 


FIGURE 33-2 Our Galaxy, as it would appear from the #————————— 00.000 ly 


outside: (a) “edge view,” in the plane of the disk; (b) “top view,” 
looking down on the disk. (If only we could see 1t like this— 
from the outside!) (e) Infrared photograph of the inner reaches 
of the Milky Way, showing the central bulge and disk of our 
Galaxy. This very wide angle photo taken from the COBE 
satellite (Section 33—6) extends over 360” of sky. The white dots 
are nearby sfars. 


Our Sun 


EXAMPLE 33-1 ' ESTIMATE | Our Galaxys mass. Estimate the total mass 


Of our Galaxy using the orbital data above for the Sun about the center of the 
Galaxy. Assume the mass of the Galaxy 1s concentrated in the central bulge. 


APPROACH We assume that the Sun (including our solar system) has total mass zn 
and moves ïn a circular orbit about the cenfer of the Galaxy (total mass Ä⁄), and that 
the mass M can be considered as being located at the center of the Galaxy. We 
then apply Newton”s second law, Ƒ = 7a, with a being the centripetal accelera- 
tion, ø = 0 ”/r, and for Fwe use the universal law of gravitation (Chapter 5). 


SOLUTION_ Our Sun and solar system orbit the center of the Galaxy, according to 
the best measurementfs as menfioned above, with a speed of about » = 200 km/s 
at a distance from the Galaxy center of about r = 26,000l1y. We use Newton”s 
second law: 
 = ma 
2 
G SG MỸ = 


r7 r 


where j 1s the mass of the Galaxy and z 1s the mass of our Sun and solar 
system. Solving this, we find 
2. (26,0001y)(10'°m/ly)(2 x 10 m/s) 
Tý = ru = ( y\( 5N : : /S) 2X 10! kg. 
G 6.67 x 10 N-m'ˆ/kg 
NOTE In terms of nưnbers of stars, ïf they are like our Sun (mm = 2.0 x 109kg), 
there would be about (2 x 10“ kg)/(2 x 10°kg) + 101! or very roughly on 
the order of 100 billion stars. 
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FIGURE 33-3 Th¡s slobular star 
eluster 1s located In the constellation 
Hercules. 


FIGURE 33-4 This saseous nebula, 
found ïn the constellation Carina, 1s 
about 9000 lipht-years from us. 


In addition to stars both within and outside the Milky Way, we can see by 
telescope many faint cloudy patches In the sky which were all referred to once as 
“nebulae” (Latin for “elouds”). A few of these, such as those in the constellations 
Andromeda and Orion, can actually be discerned with the naked eye on a clear 
nipht. Some are sfar clusfers (Fig. 33-3), pøroups of stars that are so numerous 
they appear to be a cloud. Others are glowing clouds of gas or dust (Fig. 33-4), 
and It 1s for these that we now mainly reserve the word nebula. 

Most fascinating are those that belong to a third category: they often have 
fairly regular elliptical shapes. Immanuel Kant (about 1755) guessed they are faint 
because they are a great distance beyond our Galaxy. At first It was not universally 
accepted that these objects were extragalacfic—that 1s, outside our Galaxy. But 
the very large telescopes consfructed in the twentieth century revealed that 
1ndividual stars could be resolved within these extragalactic obJecfs and that many 
contain spiral arms. Edwin Hubble (1889-1953) did much of this observational 
work in the 1920s using the 2.5-m (100-inch) telescopeÏ on Mt. Wilson near 
Los Angeles, California, then the world”s laregest. Hubble demonsfrated that these 
obJects were Iindeed extragalactic because of their great distances. The distance 
to our nearest large galaxy,* Andromeda, is over 2 million light-years, a distance 
20 times greater than the diameter of our Galaxy. It seemed logical that these 
nebulae must be galaxies similar to ours. (Note that it is usual to capitalize the 
word “øalaxy” only when it refers to our own.) Today It is thought there are rouphly 
101! galaxies in the observable universe—that is, roughly as many galaxies as there 
are stars in a galaxy. See Fig. 33—5. 

Many øgalaxies tend to be grouped 1n galaxy clusters held together by their 
mutual øravitational attraction. There may be anywhere from a few dozen to 
many thousands of galaxles In each cluster. Furthermore, clusters themselves 
seem to be organ1zed Into even larger aggregates: clusters of clusters of galax1es, 
or superclusfers. The farthest detectable galaxies are more than 10!°]y distant. 
See Table 33—1 (top of next page). 


?2.5m (= 100inches) refers to the diameter of the curved objective mirror. The bigger the mirror, the 
more light it collects (greater brightness) and the less diffraction there is (better resolution), so more and 
fainter stars can be seen. See Chapter 25. Until recently, photographic films or plates were used to take 
long time exposures. Now large solid-state CCD or CMOS sensors (Section 25—1) are available con- 
taining hundreds of millions of pixels (compared to 10 million pixels in a good-quality digital camera). 
*The Magellanic clouds are much closer than Andromeda, but are small and are usually considered 
small satellite galaxies of our own Galaxy. 


FIGURE 33-5 Photographs of galaxles. (a) Spiral galaxy In the constellation Hydra. (b) Two galaxies: the 
larger and more dramatic one is known as the Whirlpool galaxy. (c) An infrared image (g1ven “false” colors) 
of the same galaxies as in (b), here showing the arms of the spiral as having more substance than ¡n the 
visible light photo (b); the different colors correspond to different light intensities. Visible light is scattered 
and absorbed by interstellar dust much more than Infrared 1s, so Infrared ø1ves us a clearer image. 


(b) 
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CONCEPTUAL EXAMIPLE 33-2 | Looking back in time. Astronomers offen 


think of their telescopes as time machines, looking back toward the origin of the 
universe. How far back do they look? 


RESPONSE The distance in lighf-years measures how long In years the light 
has been traveling to reach us, so Table 33—1 tells us also how far back 1n time 
we are looking. For example, 1Ï we saw Proxima Centauri explode Iinfo a super- 
nova today, then the event would have really occurred about 4.2 years ago. The 
most distant galaxies emitted the light we see now roughly 13 < 10years ago. 
What we see was how they were then, 13 < 10°yr ago. 


EXERCISE A Suppose we could place a huge mirror 1 light-year away from us. What 
would we see in this mirror 1 it is facing us on Earth? When did what we see In the 
mirror take place? (This might be called a “time machine.”) 

Besides the usual stars, clusters of stars, øgalaxies, and clusters and super- 
clusters of galaxIes, the universe contains many other Interesting obJects. Among 
these are stars known as red giamis, tohite dt0arfS, neufron stars, exploding stars 
called nouae and supernouae, and black holes whose grav1ty 1s so strong that even 
light cannot escape them. In addition, there 1s electromagnetic radiation that 
reaches the Earth but does not come from the bright pointlike objJects we call stars: 
particularly important 1s the microwave backsround radiation that arrives nearly 
uniformly from all directions In the unIverse. 

Finally, there are acfive galacfic nuclei (AGN), which are very luminous poïnt- 
like sources of light in the centers of distant galaxies. The most dramatic examples 
of AGN are quasars (“quasistellar objects” or QSOSs), which are so luminous that 
the surrounding starlight of the galaxy 1s drowned out. Ther luminosity 1s 
thought to come from matter falling Info a giant black hole at a galaxy s cenfer. 


33~2 Stellar Evolution: Birth and 
Death of Stars, Nucleosynthesis 


The stars appear unchangIng. Night after night the night sky reveals no sigmificant 
variations. Indeed, on a human time scale, the vast maJor1ty of stars change very 
little (except for novae, supernovae, and certain variable stars). Although stars 
seem fixed In relation to each other, many move sufficiently for the motion to be 
detected. Speeds of stars relative to neiphboring stars can be hundreds of km/s, 
but at their great distance from us, this moftlon 1s detectable only by careful 
measurement. There 1s also a great range of brightness among stars, due to 
differences In the rate stars emift energy and to therr different distances from us. 


Luminosity and Brightness of Stars 


Any star or galaxy has an infrinsie luminosity, U (or simply luminosity), which 1s i(s 
total power radiated in watts. Also importfant 1s the apparent brightness, b, defined 
as the power crossing unit area at the Earth perpendicular to the path of the lipht. 
Given that energy 1s conserved, and Ignoring any absorption In space, the total 
emitted power L when 1t reaches a distance đ from the star wIll be spread over a 
sphere of surface area 4zrđ”. If đ is the distance from the star to the Earth, then 
L must be equal to 4zrđ” times b (power per unit area at Earth). That is, 
L 

b AdÊ (33-1) 
Apparent brightness. Suppose a star has luminosity equal 
to that of our Sun. Ifit is 10 ly away from Earth, how much dimmer wIll it appear? 


APPROACH We use the inverse square law In Eq. 33—1 to determine the relative 
brightness (b œ 1/247) since the luminosity L is the same for both stars. 


SOLUTION Using the Inverse square law, the star appears dimmer by a factor 
Đạt đẫuu (1.5 X 10 km) 


= = 8.2 1Ù. 
sụn tà (101y)”(10° km/Iy} 


Table 33-1 Astronomical 


Distances 
Approx. Distance 
Object from Earth (ly) 
Moon 4x10Š 
Sun 1.6x 10”Ÿ 


S1ze Of solar system 
(distance to Pluto) 6x10 


Nearest star 
(Proxima Centaur) 4.2 


Center of our Galaxy 2.6 x 10! 
Nearest large galaxy 2.4 10 
Farthest galaxies 13.4 107 
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Careful study of nearby stars has shown that the luminosity for most sfars 
depends on the mass: /e more massiue the star, the greafer is luminosiiyÌ. 
Another Important parameter oŸ a star 1s 1ts surface temperature, which can be 
determined from the spectrum of electromagnetic frequencies 1t emits. As we 
saw in Chapter 27, as the temperature of a body Increases, the spectrum shifts 
from predominantly lower frequencies (and longer wavelengths, such as red) to 
hipher frequencies (and shorter wavelenpths such as blue). Quantitatively, the 
relation 1s given by Wien'”s law (Eq. 27-2): the wavelength À; at the peak of the 
spectrum of light emitted by a blackbody (we offen approximate stars as 
blackbodies) ¡is inversely proportional to its Kelvin temperature 7; that 1s, 
ÀpT7 = 2.90 x 103m-K. The surface temperatures of stars typically range from 
about 3000 K (reddish) to about 50,000 K (UV). 


Determining star temperature and star size. Suppose 
that the distances from Earth to two nearby stars can be reasonably estimated, and 
that theiIr measured apparent brightnesses suggest the two stars have about the 
same luminosity, L. The spectrum of one of the stars peaks at about 700 nm (so 
1t 1s reddish). The spectrum of the other peaks at about 350 nm (bluish). Use 
Wien”s law (Eq. 27-2) and the Stefan-Boltzmann equation (Section 14-8) to 
determine (2) the surface temperature of each star, and (b) how much larger one 
star 1s than the other. 


APPROACH We determine the surface temperature 7 for each star using Wien”s 
law and each star”s peak wavelength. Then, using the Stefan-Boltzmann equation 
(power output or luminosity œ 47 where A = surface area of emitter), we can 
find the surface area ratio and relative s1zes of the twO Sfars. 


SOLUTION (2) Wien's law (Eq. 27-2) states that Ap7 = 2.90 x 10”m-K. So 
the temperature of the reddish star 1s 
2.90 x 103m-K 2.90 x 10m-K 


T, = = — = 4140K. 
Ẵy 700 x 10m 


The temperature of the bluish star wIll be double this because 1ts peak wavelength 
1s half (350 nm vs. 700 nm): 


T, = 8280K. 


(b) The Stefan-Boltzmamn equation, Eq. 14-6, states that the power radiated 
per unit area OŸ surface from a blackbody 1s proportional to the fourth power of 
the Kelvin temperature, 7. The temperature of the bluish star is double that of 
the reddish star, so the bluish one must radiate (7,/7;)° = 2! = 16 times as 
much energy per unit area. But we are given that they have the same luminosity 
(the same total power output); so the surface area of the blue star must be 
that of the red one. The surface area of a sphere ¡is 477”, so the radius of the 
reddish star is ⁄16 = 4 times larger than the radius of the bluish star (or 43 = 64 
times the volume). 


H-R Diagram 

An important astronomical discovery, made around 1900, was that for most stars, 
the color 1s related to the Intrinsic luminosity and therefore to the mass. A useful 
way to present this relationship 1s by the so-called Hertzsprung-Russell (H-R) 
điapram. On the H—R diagram, the horizontal axis shows the surface tempera- 
ture 7 and the vertical axis 1s the luminosity L; each star 1s represented by a point 


?Applies to “main-sequence” stars (see next page). The mass of a star can be determined by observing 
1{s øravitational effects on other visible objects. Many stars are part of a cluster, the simplest being 
a binary star in which two stars orbit around each other, allowing their masses to be determined using 
rotational mechanics. 
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on the diapram, Eig. 33-6. Most stars fall along the diagonal band termed the 
main sequence. Sftarting at the lower right we find the coolest stars: by Wien”s 
law, Àp7' = constant, therr lipht output peaks at long wavelengths, so they are red- 
dish m color. They are also the least luminous and therefore of low mass. Farther 
up toward the left we fnd hotter and more luminous stars that are whitish, like our 
Sun. Still farther up we fnd even more luminous and more massive stars, bluish in 
color. Stars that fall on this diagonal band are called main-sequence sfars. There 
are also stars that fall outside the main sequence. Above and to the right we find 
extremely larpe stars, with hiph luminosities but with low (reddish) color 
temperature: these are called red gianfs. At the lower left, there are a few stars Of 
low luminosity but with hiph temperature: these are the white dwarfs. 


EXAMPLE 33-5 _ESTIMATE ' Distance to a star using the H-R diagram 
and color. Suppose that detailed study of a certain star suggests that 1t most 


likely fñits on the main sequence of an H—R diagram. Its measured apparent 
brightness is b = 1.0 x 10!ˆW/m”, and the peak wavelength of its spectrum is 
Àp + 600nm. Estimate 1s distance from us. 
APPROACH We find the temperature using Wien”s law, Eq.27—2. The luminosity 
1S esfIimated for a main-sequence star on the H-R diagram of Fig. 33-6, and 
then the distance 1s found using the relation between brightness and luminosIty, 
Eq.33-1. 
SOLUTION The stars temperature, from Wien”s law (Eq. 27—2), 1s 

_ 290 x 10m-K 

600 x 10 ”m 

A star on the main sequence of an H—R diagram at this temperature has lumi- 
nosity of about L + 1 x 10W, read off of Fig. 33-6. Then, from Eq. 33—1, 


L 1 x109W 
4 =j “4 ¬g x ®.3X 10°m, 
4mb 4(3.14)(1.0 x 1012W/m?) 


]ts distance from us In lipght-years 1s 
3 x 10m 


d = CS —— x 300jy. 
10'5 m/ly l 


~ 4800 K. 


EXERCISE B Estimate the distance to a 6000-K main-sequence star with an apparent 
brightness of 2.0 x 10”12W/mử. 
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FIGURE 33-7 A shell of “burning” 
hydrogen (fusing to become helium) 
surrounds the core where the newly 


formed helium gravitates. 


Hydrogen 
fusion 


Helium 


Nonburning 
Outer 
envelope 
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Why are there different types of stars, such as red giants and white dwarfs, as well 
as main-sequence stars? Were they all born this way, in the beginning? Or might 
cach different type represent a different age 1n the life cycle of a star? Astronomers 
and astrophysicists today believe the latter 1s the case. Note, however, that we 
cannot actually follow any but the tiniest part of the hfe cycle of any given sfar 
because they live for ages vastly greater than ours, on the order of millions or 
billions of years. NÑonetheless, let us follow the process of sfellar eyolufion from 
the birth to the death of a star, as astrophysicists have theoretically reconstructed 
1t today. 

Stars are born, It 1s believed, when øaseous clouds (mosfly hydrogen) confract 
due to the pull of gravity. A huge gas cloud might fragment into numerous con- 
tracting masses, each mass centered In an area where the density 1s only slightly 
øreater than that at nearby points. Once such “globules” form, gøravity causes 
cach to confract in toward 1s center of mass. As the particles of such a profosfar 
accelerate Inward, their kinetic energy Increases. Eventually, when the kinetic 
enersy 1s sufficiently high, the Coulomb repulsion between the positive charges 
1S nof strong enoueh to keep all the hydrogen nucle1 apart, and nuclear fusion can 
take place. 

In a star like our Sun, the fusion of hydrogen (sometimes referred to as 
“burning”)Ï occurs via the proton-proton chain (Section 31~3, Eqs. 31~6), in which 
four protons fuse to form a ?He nucleus with the release of Y rays, positrons, 
and neutrinos: 41H —> ?3He + 2e” + 2z¿ + 2Y. These reactions require a tem- 
perature of about 10”K, corresponding to an average kinetic energy (+ k7) of 
about 1 keV (Edq. 13-8). In more massive stars, the carbon cycle produces the 
same net effect: four {H produce a 3He—see Section 31—3. The fusion reactions 
take place primarily in the core of a star, where 7 may be on the order of 10” to 
10Ÿ K. (The surface temperature is much lower——on the order of a few thousand 
kelvins.) The tremendous release of energy In these fusion reacfions produces 
an outward pressure sufficienft to halt the Inward gravitational contraction. Qur 
profosftar, now really a young síar, stabilizes on the #+ain sequence. Exactly where 
the star falls along the main sequence depends on 1ts mass. The more massive the 
star, the farther up (and to the left) it falls on the H—R diagram of Fig. 33-6. 
Our Sun required perhaps 30 million years to reach the main sequencc, and 1s 
expected to remain there about 10 billion years (10'°yr). Although most sfars are 
billions of years old, evidence 1s strong that stars are actually being born at this 
moment. More massive stars have shorter lives, because they are hotter and the 
Coulomb repulsion 1s more easily overcome, so they use up their fuel faster. 
Our Sun may remain on the main sequence for 10'9years, but a star ten times 
more massive may reside there for only 10” years. 

As hydrogen fuses to form helium, the helium that 1s formed 1s denser and 
tends to accumulate in the central core where It was formed. As the core of 
helium grows, hydrogen confinues to fuse In a shell around 1t: see Elg. 33-7. 
'When much of the hydrogen within the core has been consumed, the production 
of energy decreases at the center and is no longer sufficient to prevent the huge 
øravitational forces from once again causing the core to contract and heat up. 
The hydrogen In the shell around the core then fuses even more fiercely because 
Of this rIse in temperature, allowing the outer envelope of the star to expand and 
to cool. The surface temperature, thus reduced, produces a spectrum of light that 
peaks at longer wavelength (reddish). 

Thịs process marks a new sfep 1n the evolution of a star. The star has become 
redder, 1t has ørown 1n size, and 1t has become more luminous, which means 1t 
has left the main sequence. It will have moved to the right and upward on the 


TThe word “burn,” meaning fusion, is put in quotation marks because these high-temperature fusion 
reactions occur via a wclear process, and must not be confused with ordinary burning (of, say, paper, 
wood, or coal) in air, which is a chermical reaction, occurring at the zførc level (and at a much lower 
temperature). 
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H—R diagram, as shown in Eig. 33—8. As 1t moves upward, 1t enters the red gianf 
staøe. Thus, theory explains the origin of red giants as a natural step 1n a staT”s 
evolution. Our Sun, for example, has been on the main sequence for about 
4; billion years. It will probably remain there another 5 or 6 billion years. When 
our Sun leaves the main sequence, I( 1s expected to grow In diameter (as 1t 
becomes a red gianft) by a factor of 100 or more, possibly swallowing up inner 
planets such as Mercury and possibly Venus and even Earth. 

TỶ the star 1s like our Sun, or larger, further fusion can occur. As the sfar”s 
outer envelope expands, 1s core confinues to shrink and heat up. When the 
temperature reaches about 10K, even helium nuclei, in spite of their greater 
charge and hence greater electrical repulsion, can come close enough to each 
other to undergo fusion. The reactions are 


3He + He —> ŸBe 
2He + ŸBe —> 4C (33-2) 


with the emission of two 7 rays. These two reactions musft occur 1n quick succes- 
sion (because ŸBe is very unstable), and the net effect is 


3#He —> 12C + 2ÿ. (@ = 7.3MeV) 


Thịs fusion of helium causes a change In the star which moves rapidly to the 
“hor1zontal branch” on the H-R diapram (Eig. 33-8). Further fusion reactions 
are possible, with 3He fusing with '2C to form !§O. In more massive stars, higher Z 
elements like 70Ne or 73Mg can be made. This process of creating heavier nuclei 
from liphter ones (or by absorption of neutrons which tends to occur at hipher Z) 
1s called nucleosynthesis. 


Low Mass Stars—White Dwarfs 


The ñnal fate of a star depends on 1ts mass. Stars can lose mass as parts of their 
outer envelope move off Into space. Stars born with a mass less than about 
8 solar masses (8< the mass of our Sun) eventually end up with a residual mass 
less than about 1.4 solar masses. A residual mass of 1.4 solar masses 1s known as 
the Chandrasekhar limit. For stars smaller than this, no further fusion energy can 
be obtained because of the large Coulomb repulsion between nuclei. The core 
of such a “low mass” star (oripinal mass £ 8 solar masses) contracts under 
gravity. The outer envelope expands again and the star becomes an even 
briphter and larger red giant, Eig. 33-8. Eventually the outer layers escape Into 
space, and the newly revealed surface 1s hotter than before. So the star moves to 
the left in the H—-R diapram (horizontal dashed line in Eig. 33-8). Then, as the 
core shrinks the star cools, and typically follows the downward dashed route 
shown on the left in Eig. 33-8, becoming a whi(e dwarfF. A white dwarf with 
a residual mass equal to that of the Sun would be about the size of the Earth. 
A white dwarf contracts to the point at which the electrons start to overlap, but 
no further because, by the Pauli exclusion principle, no two electrons can be 1n 
the same quantum sftate. At this point the star 1s supported against further 
collapse by this elecfron degeneracy pressure. A white dwarf continues to lose 
1nfernal energy by radiation, decreasing In temperature and becoming dinmer 
unfil 1t glows no more. It has then become a cold dark chunk of extremely dense 
material. 


High Mass Stars—Supernovae, Neutron Stars, Black Holes 


Stars whose original mass is øreater than about 8 solar masses are thought to 
follow a very different scenario. A star with this preaf a mass can confract under 
gravity and heat up even further. At temperatures 7 + 3 or 4 < 10”K, nuclei as 
heavy as 3;Fe and 39Ni can be made. But here the formation of heavy nuclei from 
lighter ones, by fusion, ends. As we saw In Fig. 30—1, the average binding energy 
per nucleon begins to decrease for 4 greater than about 60. FEurther fusions 
would reqwuire enersy, rather than release 1t. 


Ƒ_————————. 
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FIGURE 33-8 Evolutionary “track” 
of a star like our Sun represented on 


an H-R diagram. 
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(b) 


FIGURE 33-9 The star indicated by 
the arrow ïn (a) exploded in 1987 as 
a supernova (SN1987A), as shown 
in (b). The bright spot in (b) indicates 
a huge release of energy but does 


not represent the physical s1ze. 


FIGURE 33-10 Hypothetical model 
for novae and Type la supernovae, 
showing how a white dwarf could 
pull mass from ifs normal 


companion. 


Main-sequence 
companion 


>> 
Mass 
transfer 


White 
dwarf 


At these extremely high temperatures, well above 107K, high-energy 
collisions can cause the breaking apart of Iron and nickel nuclei into He nuclel, 
and eventually Into protons and neutrons: 


3 Fe —> 132He + 4n 
3He —> 2p + 2n. 


These are energy-requirine (endothermic) reactions, which rob energy from the 
core, allowing øravitational contraction to begin. This then can force electrons 
and protons together to form neufrons In inverse Ø decay: 
€e +p>nrr. 

As a result of these reactions, the pressure In the core drops precIpitously. As the 
core collapses under the huge gravitational forces, the tremendous mass becomes 
essenftially an enormous nucleus made up almost exclusively of neutrons. The 
s1ze Of the star 1s no longer limited by the exclusion principle applhied to electrons, 
but rather by neutron degeneracy pressure, and the star conftracts rapidly to form 
an enormously dense neutron sfar. The core of a neufron star contracfs to the 
poïmmt at which all neutrons are as close together as they are 1n an atomic nucleus. 
That is, the density of a neutron star is on the order of 10! times greater than 
normail solids and liquids on Earth. A cupful of such dense matter would weigh 
billions of tons. A neutron star that has a mass 1.5 times that of our Sun would 
have a diameter of only about 20 km. (Compare this to a white dwarf with 1 solar 
mass whose diameter would be 10” km, as mentioned on the previous page. ) 

The confraction of the core of a massive star would mean a great reducfion1n 
øravitational potential energy. Somehow this energy would have to be released. 
Indeed, 1t was suggested In the 1930s that the final core collapse to a neutron star 
could be accompanied by a catastrophic explosion known as a supernova (plural = 
supernovae). The tremendous energy release (Eig. 33—9) could form virtually all 
elements of the Periodic Table (see below) and blow away the entire outer 
envelope of the star, spreading 1s contenfs Into Interstellar space. The presence 
Of heavy elements on Earth and mm our solar system suggesfs that our solar system 
formed from the debris of many such supernova expÏlosIons. 

The elements heavier than Ni are thought to form mainly by neufron capture 
in these exploding supernovae (rather than by fusion, as for elements up to Nì). 
Large numbers of free neutrons, resulting from nuclear reactions, are present 
inside those highly evolved stars and they can readily combine with, say, a 32Fe 
nucleus to form (ïf three are captured) 32Fe, which decays to ⁄?Co. The 3Co can 
capture neutrons, also becoming neutron rich and decayIng by _ to the next 
higher Z2 element, and so on to the highest Z2 elements. 

The final state of a neutron star depends on 1ts mass. If the final mass 1s less 
than about three solar masses, the subsequent evolution of the neutron star 1s 
thought to resemble that of a white dwarf. If the mass 1s greater than this 
(original mass 40 solar masses), the neutron star collapses under gravIty, 
Overcoming even neutron degeneracy. Gravity would then be so strong that 
emifted lipght could not escape——it would be pulled back In by the force of 
øravity. Since no radiation could escape from such a “star,” we could not see 1t— 
1t would be black. An obJect may pass by 1t and be deflected by 1fs gravitational 
field, but 1ƒ the object came too close 1t would be swallowed up, never to escape. 
Thịs 1s a black hole. 


Novae and Supernovae 


Novyae (singular 1s ?øa, meaning “new” ïn Latin) are faint stars that have sud- 
denly increased in brightness by as much as a factor of 10” and last for a month or 
two before fading. Novae are thought to be faint white dwarfs that have pulled 
mass from a nearby companion (they make up a binary system), as 1llustrated in 
Fig. 33—10. The captured mass of hydrogen suddenly fuses Into helium at a high 
rate for a few weeks. Many novae (maybe all) are recurren—they repeat their 
bright glow years later. 
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Supernovae are also brief explosive events, but release millions of times more 
energy than novae, up to 10!° times more luminous than our Sun. The peak of 
briphtness may excecd that of the entire galaxy in which they are located, but lasts 
only a few days or weeks. They slowly fade over a few months. Many supernovae 
form by core collapse to a neutron star as described above. See Fig. 33-9. 

Type la supernovae are different. They all seem to have very nearly the same 
luminosity. They are believed to be binary stars, one of which 1s a white dwarf 
that pulls mass from 1ts companion, much like for a nova, Fig. 33—10. The mass 1s 
higher, and as mass is captured and the total mass approaches the Chandrasekhar 
limit of 1.4 solar masses, 1t explodes as a “white-dwarf” supernova by undergoing 
a “thermonuclear runaway”—an uncontrolled chain of nuclear reactions that 
entirely destroys the white dwarf. Iype la supernovae are useful to us as 
“standard candles” 1n the night sky to help us determine distance——see next Section. 


33—3 Distance Measurements 


Parallax 


We have talked about the vast distances of objects 1n the universe. But how do 
we measure these distances? One basic technique employs simple geometry to 
measure the parallax of a star. By parallax we mean the apparent motion of 
a star, against the background of much more distant stars, due to the Earth”s 
motion around the Sun. As shown In Fig. 33—11, we can measure the angle 2¿ 
that the star appears to shIft, relative to very distant stars, when viewed 6 months 
apart. If we know the distance đ from Earth to Sun, we can reconstruct the right 
triangles shown 1n Eig. 33-11 and can then determine the distance Ð to the 
star. This 1s essentially the way the heiphts of mountains are determined, by 
“triangulation”: see Example 1—8. 


% : % FIGURE 33-11 (a) Detcrmining the distance Ð to 
*% : Distant stars x% a relatively nearby star using parallax. Horizontal 
ở A⁄ % distances are øreatly exaggerated: in reality ¿@ 1s a 
% = % very small angle (less than søg° = 1” = 1 second of arc). 


(b) Diagram of the sky showing the apparent position 
of the “nearby” star relative to more distant stars, at 
two different times (January and July). The viewing 
star angle in January putfs the star more to the right relative 

to đistant stars, whereas in July 1t is more to the left 
(dashed circle shows January location). 
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Seen 
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Earth in 
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Earth Earth in 
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Earth 
(January) 


(a) Earth's orbit (b) 
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EXAMPLE 33-6 . ESTIMATE | Distance to a star using parallax. Estimate 
the đistance Ð to a star 1ƒ the angle 2ở In Eig. 33—11a 1s measured to be 


2ở = 0.00012°. 
APPROACH From trigonometry, tan ở = đ/D ïn Eig.33-11a. The Sun-Earth 
distance is đ = 1.5 X 10#km (inside front cover). 


SOLUTION The angle ¿ = 0.00006°, or about (0.00006°)(27 rad/360°) = 
1.0 x 10” radians. We can use tan ở + @ because ở is very small. We solve 
for Din tan ¿ = đ/D. The distance Ð to the star is 

d d 15 x10 °km 


D = ~ = = 1.5 x 101km, 
tan ở DU 1.0 x 10 rad 


or about 15 ly. 


* Parsec 

Distances to stars are often specified in terms of parallax angle (@ in Eig. 33—11a) 
given in seeconds of arc: 1 second (1”) is sy of one minute (1') of are, which is ạ¡ of 
a degree, so 1” = sp; of a degree. The distance is then specified in parsecs (pc) 
(meaning parallax angle in seconds of arc): 2 = 1/@ with @ïn seconds of arc. In 
Example 33-6, @ = (6 x 105)°(3600) = 0.22” of arc, so we would say the star 
is at a distance of 1/0.22” = 4.5 pc. One parsec is given by (recall D = đ/¿, and 
we set the Sun-Earth distance (Fig. 33—11a) as đ = 1.496 x 10!'m): 


1.496 x 10m 


d 
=.. = =-Ø, x Xị 
lpc T TP 1 1/7 ng 3.086 x 10m 
60”/1\60 360° 


lly 
9.46 x 101m 


1pc = (3.086 x 10m) = 3.26 ly. 


Distant Stars and Galaxies 


Parallax can be used to determine the distance to stars as far away as about 
100 light-years from Earth, and from an orbiting spacecraft perhaps Š to 10 times 
farther. Beyond that distance, parallax angles are too small to measure. For 
øreater distances, more subtle techniques must be employed. We might compare 
the apparent brightnesses of two stars, or two galaxIes, and use the /0erse square 
lau (apparent brightness drops off as the square of the distance) to roughly esti- 
mate their relative distances. We can”t expect this technique to be very precIse 
because we don”t expect any two sfars, or two øalaxIes, to have the same 1nfrInsic 
luminosity. When comparing galaxies, a perhaps better estimate assumes the 
brightest stars in all galaxies (or the brightest galaxies in galaxy clusters) are sim- 
1lar and have about the same Intrinsic luminosity. Consequently, theIr apparenf 
brightness would be a measure of how far away they were. 

Another technique makes use ofthe H—R diagram. Measurement OoŸ a star”S 
surface temperature (from its spectrum) places it at a certain point (within 20%) 
on the H—R diagram, assuming 1t 1s a main-sequence star, and then is luminosIty 
can be estimated from the vertical axis (Eig. 33-6). Its apparent briphtness and 
Eq. 33—1 g1ve 1ts approximate distance; see Example 33—5. 

A better estimate comes from comparing 0ariable síars, especlally Cepheid 
œariables whose luminosity varles over time with a period that 1s found to be 
related to their average luminosity. Thus, from their period and apparent bripht- 
ness we øet their distance. 


Distance via SNIa, Redshiíft 


The largest distances are estimated by comparing the apparent briphtnesses 
of Type la supernovae (“SNIa”). Type la supernovae all have a similar origin (as 
described on the previous page and Eig. 33—10), and their brief explosive burst of 
light 1s expected to be of nearly the same luminosity. They are thus sometimes 
referred to as “standard candles.” 
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Another important technique for estimating the distance of very distant 
galaxies 1s from the “redshift” in the line spectra of elements and compounds. 
The redshift 1s related to the expansion of the universe, as we shall discuss in 
Section 33—5. It is useful for objects farther than 107 to 10Ẻ ly away. 

As we look farther and farther away, measurement techniques are less and 
less reliable, so there 1s more uncerftainty in the measurements of large distances. 


33-4 General Relativity: Gravity 
and the Curvature of Space 


We have seen that the force oŸ gravity plays an important role in the processes 
that occur In stars. Gravity too 1s important for the evolution of the universe as 
a whole. The reasons gravity plays a dominant role in the universe, and not one 
of the other of the four forces in nature, are (1) 1t is long-range and (2) it is always 
attractive. The strong and weak nuclear forces act over very short distances only, 
on the order of the size of a nucleus; hence they do not act over astronomical 
đistances (they do act between nuclei and nucleons ïn stars to produce nuclear 
reactions). The electromagnetic force, like gravity, acts over øreat distances. But 
1t can be either attractive or repulsive. And since the universe does not seem to 
contain large areas of net electric charge, a large net force does not occur. But 
Øravity acts only as an affracfue force between al/ masses, and there are large falling freely under gravity 
accumulations of mass In the universe. The force of gravity as Newton đescribed (a) a person releases a hbnlct (b) the 
1t In his law oŸ universal gravifatlon was modified by Einstein. In his general released book hovers next to the 
theory of relativity, Einstein developed a theory of gravity that now forms the owners hand; (b) is a few moments 
bass Of cosmological dynamIcs. after (a). 

In the special theory oƒ relatioity (Chapter 26), Einstein concluded that there 
1S no way for an observer to determine whether a given frame of reference 1s af | | | | | | 
Tesf Or 1s moving at constant velocity In a straipht line. Thus the laws of physics | 
must be the same in different inertial reference frames. But what about the more 
general case oŸ motion where reference frames can be øccelerating? 

Einstein tackled the problem of accelerating reference frames In his general 
theory of relafivity and in 1t also developed a theory of gravity. The mathematics 
of General Relativity 1s complex, so our discussion will be mainly qualitative. 

We begin with Einstein”s principle of equivalence, which states that 


FIGURE 33-12 In an elevator 


no experiment can be performed that could distinguish between a uniform 
gravifafional field and an equivalent uniform accelerafion. 


I observers sensed that they were accelerafting (as In a vehicle speeding around 
a sharp curve), they could not prove by any experiment that in fact they weren't 
simply experiencing the pull of a gravitational field. Conversely, we might think 
we are being pulled by gravity when 1n fact we are undergoing an accelerafion 
having nothing to do with gravIty. 

As a thought experiment, consider a person In a freely falling elevator near 
the Earth”s surface. If our observer held out a book and let go of 1t, what would 
happen? Gravity would pull it downward toward the Earth, but at the same rafte 
(g = 9.8m/s”) at which the person and elevator were falling. So the book would 
hover right next to the person”s hand (Fig. 33—12). The effect 1s exactly the same 
as 1Ÿ this reference Írame was at rest and ø forces were acting. On the other 
hand, 1f the elevator was out In space where the gravitational field 1s essentially 
zero, the released book would float, Just as it does in Fig. 33-12. Next, 1f the 
elevator (out in space) 1s accelerated upward (using rockefs) at an acceleration of 
9.8m/sỈ, the book as seen by our observer would fall to the floor with an 
acceleration of 9.8 m/sỶ, just as if it were falling due to gravity at the surface of 
the Earth. According to the principle of equivalence, the observer could not 
determine whether the book fell because the elevator was accelerating upward, 
or because a gravitational field was acting downward and the elevator was at resf. 
The two descriptions are equivalent. 


(b) 
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FIGURE 33-13 (a) Light beam goes straight 
across an elevator which 1s not accelerating. 


(b) The light beam bends (exagserated) 


to an observer In an accelerating elevator whose 


speed Increases In the upward direction. 


FIGURE 33-14 (a) Two stars in the 
sky observed from Earth. (b) If the 
light from one of these stars passes 
very near the Sun, whose øravity bends 
the rays, the star wIll appear higher 
than ït actually 1s (follow the ray 
backwards). [Not to scale. | 
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The principle of equivalence 1s related to the concept that there are two ftypes 
Of mass. Newton”s second law,  = ma, uses inertial mass. We mipht say that 
Iinertial mass represenfs “resistance” to any type of force. The second type of 
mass 1s øravifational mass. When one obJect attracts another by the gravitational 
force (Newton's law of universal gravitation, # = Gmm;/r”, Chapter 5), the 
strength of the force 1s proportional to the product of the grauifafional masses of 
the two obJects. Th1s 1s much like Coulomb's law for the electric force between 
two obJects which 1s proportional to the product of their electric charges. The 
electric charge on an obJect 1s not related to 1s inertial mass; so why should we 
expect that an obJects gravitational mass (call it gravitational charge 1f you like) 
be related to 1s inertial mass? AlI along we have assumed they were the same. 
'Why? Because no experiment—not even of high precIsion——has been able to dis- 
cern any measurable difference between inertial mass and gravitational mass. (For 
example, In the absence o air resistance, all obJects fall at the same acceleration, ø, 
on Earth.) This is another way to state the equivalence princIple: grauitafional mass 
1s equiualemt to inertial mass. 


according 


The principle of equivalence can be used to show that light ought to be 
deflected by the gravitational force due to a massive obJect. Consider another 
thought experiment, in which an elevator 1s In free space where virtually no 
øravity acts. IỶ a light beam 1s emitted by a flashlight attached to the side of the 
elevator, the beam travels straipght across the elevator and makes a spot on the 
Opposite side 1ƒ the elevator 1s at rest or moving at constant velocity (Fig. 33—13a). 
TỶ instead the elevator 1s accelerating upward, as In Fig. 33—13b, the light beam 
still travels straight across In a reference frame at resf. In the upwardly accelerating 
elevator, however, the beam 1s observed to curve downward. Why? Because 
during the time the lipht travels from one side of the elevator to the other, the 
elevator is moving upward at a vertical speed that 1s Iincreasing relative to the 
lipght. Next we note that according to the equivalence principle, an upwardly accel- 
erating reference frame 1s equivalent to a downward gravitational field. Hence, 
we can picture the curved lipht path in Eig. 33—13b as being due to the effect of a 
øravitational field. Thus, from the principle of equivalence, we expect 8ravity to 
exert a force on a beam of light and to bend 1t out of a straight-line path! 

That light 1s affected by gravity 1s an Iimportant prediction of Einstein's 
general theory of relativity. And it can be tested. The amount a light beam would 
be deflected from a straight-line path must be small even when passing a massive 
object. (For example, lipht near the Earth”s surface after traveling 1 km 1s pre- 
dicted to drop only about 10 '°m, which is equal to the diameter of a small 
atom and not detectable.) The most massive object near us is the Sun, and 1t was 
calculated that light from a distant star would be deflected by 1.75” of arc (tiny 
but detectable) as it passed by the edge of the Sun (Fig. 33—14). However, such 
a measurement could be made only during a total eclipse of the Sun, so that the 
Sun”s tremendous brightness would not obscure the starlight passing near 1s edge. 
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FIGURE 33-15 (a) Hubble Space Telescope photograph of the so-called “Einstein cross,” thought to represent 
“øravitational lensing”: the central spot 1s a relatively nearby galaxy, whereas the four other spots are thought to be 
Images of a sinele quasar behind the galaxy. (b) Diagram showing how the galaxy could bend the light coming from the 
quasar behind it to produce the four images. See also Fig. 33—14. [If the shape of the nearby galaxy and distant quasar 
were perfect spheres and perfectly aligned, we would expect the “image” of the distant quasar to be a circular ring Or 
halo Instead of the four separafte images seen here. Such a ring 1s called an “Einstein ring.”] 


An opportune eclipse occurred in 1919, and scIenfists Journeyed to the South 
Atlantic to observe 1t. Their phofos of stars Just behind the Sun revealed shIfts in 
accordance with Einstein”s prediction. Another example of gravitational deflection 
Of lipht is gravitafional lensing, as described In Eig. 33—15. The very distant galaxIes 
shown in the XDE photo at the start of this Chapter, page 947, are thought to be 
visible only because of gravitational lensing (and magnification of their emitted 
light) by nearer øalaxies—as If the nearby galaxies acted as a magnifying øÌass. 

The mathematician Fermat showed In the 1600s that optical phenomena, 
including reflection, refraction, and effects of lenses, can be derived from a 
simple principle: that lipht traveling between two points follows the shortest 
path m space. Thus 1Ý gravity curves the path of light, then gravity must be able to 
curve space Itself. That 1s, space /selƒ can be curued, and 1t 1s gravitatlonal mass 
that causes the curvature. Indeed, the curvature of space—or rather, of four- 
dimensional space-time——Is a basic aspect of Einstein”s General Relativity. 

What ¡is meant by curved space? To understand, recall that our normal 
method of viewing the world 1s via Euclidean plane geometry. In Euchdean 
geometry, there are many axIoms and theorems we take for granted, such as that 
the sum of the angles of any triangle 1s 180”. NÑon-Euclidean geometries, which 
1nvolve curved space, have also been Imagined by mathematicians. It 1s hard 
enouph to imagine three-dimensional curved space, much less curved four- 
dimensional space-time. So let us try to understand the idea of curved space by 
using two-dimensional surfaces. 

Consider, for example, the two-dimensional surface of a sphere. It 1s clearly 
curved, Fig. 33—16, at least to us who view 1t from the outside—from our three- 
dimensional world. But how would hypothetical two-dimensional creatures 
determine whether their two-dimensional space was flat (a plane) or curved? 
One way would be to measure the sum of the angles oŸ a triangle. IÝ the surface 1s 
a plane, the sum of the angles 1s 180”, as we learn In plane geometry. But 1Ÿ the 
space 1s curved, and a sufficlently large triangle 1s constructed, the sum of the 
angles wIll or be 180. To construct a triangle on a curved surface, say the sphere 
of Eig. 33—16, we must use the equivalent of a straight line: that 1s, the shortest 
distance between two poinfs, which is called a geodesic. On a sphere, a geodesic 
IS an arc of a great circle (an arc in a plane passing through the center of the 
sphere) such as the Earth's equator and the Earth”s longitude lines. Consider, for 
example, the large triangle of Fig. 33—16: 1ts sides are two longitude lines passing 
from the north pole to the equator, and the third side 1s a section of the equator 
as shown. The two longitude lines make 90° angles with the equator (look at 
a world globe to see this more clearly). They make an angle with each other at 
the north pole, which could be, say, 90° as shown; the sum of these angles 1s 
90° + 90° + 90° = 2707. Thịs 1s clearly øof a Euclidean space. Note, however, 
that 1ƒ the triangle 1s small in compar1son to the radius of the sphere, the angles 
will add up to nearly 180°, and the triangle (and space) wIll seem flat. 


FIGURE 33-16 On a 
two-dimensional curved surface, 
the sum of the angles of a trianple 
may not be 1807. 


“North pole” 


Earth 
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FIGURE 33-17 On a spherical surface 

(a two-dimensional world) a circle of 
circumference C is drawn (red) about point O 
as the center. The radius of the circle (not the 
sphere) ¡s the distance r along the surface. 
(Note that in our three-dimensional view, we 
can tell that € = 27a. Since r > a, then 

C < 2mr.) 


FIGURE 33-18 Example of a 
two-dimensional surface with 
neøative curvafure. 


Another way to test the curvature of space 1s to measure the radius r and 
circumference C of a large circle. On a plane surface, C = 2zr. But on a two- 
dimensional spherical surface, C 1s /ess than 2zrr, as can be seen 1n EFig. 33—17. 
The proportionality between C and r 1s /ess than 2zr. Such a surface 1s said to have 
pOsifiue curuafure. On the saddlelike surface of Hg. 33—18, the circumference of a 
circle 1s øreater than 2zrr, and the sum of the angles of a triangle 1s less than 180”. 
Such a surface 1s said to have a 0egafiU€ CHrUdIUT€. 


Curvature of the LIniverse 


What about our universe? On a large scale (not just near a larege mass), what 1s 
the overall curvature of the universe? Does 1t have posifive curvafure, negative 
curvature, or 1s it flat (zero curvature)? We perceive our world as Euclidean 
(flat), but we can not exclude the possibility that space could have a curvature so 
slipht that we don”t normally notice 1t. This 1s a crucial question In cosmology, 
and 1t can be answered only by precise experimenfafion. 

Tf the universe had a positive curvature, the universe would be cÍosed, or 
ƒinife 1n volume. Thịis would nør mean that the stars and galaxies extended out to 
a certain boundary, beyond which there 1s empty space. There 1s no boundary or 
edge 1n such a universe. The universe 1s all there 1s. I a particle were to move 1n 
a straight line 1n a particular đirection, it would eventually return to the starting 
point—perhaps eons of time later. 

On the other hand, 1f the curvature of space was zero or negative, the 
universe would be øpen. It could just go on forever. An open universe could be 
imfinie; but according to recent research, even that may not necessarily be so. 

Today the evidence 1s very strong that the universe on a large scale 1s Very 
close to being flat. Indeed, it is so close to being flat that we can't tell 1f it might 
have very slightly positive or very sliphtly negaftive curvature. 


Black Holes 


According to Einstein”s theory of general relativity (sometimes abbreviated GR), 
space-time 1s curved near massive objects. We might think of space as being 
like a thin rubber sheet: If a heavy weight is placed on the sheet, It sags 
as shown In Fig. 33-19a (top of next page). The weight corresponds to a 
huge mass that causes space (space ¡(selfl) to curve. Thus, in the confext of 
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general relativityÏ we do not speak of the “force” of gravity acting on objects. 
Instead we say that obJects and light rays move as they do because space-time 
1s curved. An object starting at rest or moving slowly near the great mass of 
Eig. 33-19a would follow a geodesic (the equivalent of a straipht line in plane 
geometry) toward that great mass. 

The extreme curvature of space-time shown In Eig. 33—19b could be produced 
by a black hole. A black hole, as we mentioned in Section 33-2, has such strong 
gravity that even light cannot escape from 1t. To become a black hole, an oblject 
of mass M⁄ must undergo gravifafional collapse, contracting by gravitational self- 
attraction to within a radius called the Schwarzschild radius, 


2GM 


c 


R = 


, 


where Ó 1s the gravitational constant and c the speed of light. If an object col- 
lapses to within this radius, 1t ¡is predicted by general relativity to collapse 
to a point at r = 0, forming an Infinitely dense singularity. This prediction 1s 
uncertain, however, because 1n this realm we need to combine quantum mechan- 
1Cs WIth øravify, a unifilcation of theories not yet achieved (Section 32—12). 


| EXERCISE €_What ¡is the Schwarzschild radius for an object with 10 solar masses? 


The Schwarzschild radius also represents the event horizon of a black hole. 
By event horizon we mean the surface beyond which no emitted signals can ever 
reach us, and thus Inform us of events that happen beyond that surface. As a sfar 
collapses toward a black hole, the light it emits 1s pulled harder and harder by 
øravity, but we can still see it. Once the matter passes within the event hor1zon, 
the emitted light cannot escape but ¡s pulled back in by gravity (= curvature of 
Space-time). 

All we can know about a black hole 1s I{s mass, 1s angular momentum 
(rotatine black holes), and its electric charpe. No other Iinformation, no 
details of Its structure or the kind of matter 1t was formed o£, can be known 
because no Information can escape. 

How might we observe black holes? We cannot see them because no light 
can escape from them. They would be black obJects agaInst a black sky. But they 
do exert a gravitational force on nearby obJects, and also on lipht rays (or photons) 
that pass nearby (just like in Fig. 33-15). The black hole believed to be at the 
center of our Galaxy (M 4x 10°® Ms„„) was discovered by examining the 
motion oŸ matter 1n 1s vicimty. Another technique 1s to examine stars which 
appear to move as If they were one member oŸ a binary sysfem (twO stars rotating 
about their common center of mass), but without a visible companion. IÝ the 
unseen sfar 1s a black hole, it might be expected to pull of gaseous material from 
1s visible companion (as In Fig. 33-10). As this matter approached the black 
hole, it would be highly accelerated and should emit X-rays of a characteristic 
type before plunging inside the event horizon. Such X-rays, plus a sufficlently 
hiph mass estimate from the rotational motion, can provide evidence for a black 
hole. One of the many candidates for a black hole 1s in the binary-star system 
Cygnus X-1. It is widely believed that the center of most galaxies 1s occupied by 
a black hole with a mass 10 to 107 times the mass of a typical star like our Sun. 


EXERGISED A black hole has radius Ñ. Its mass is proportional to (2) ®, (b) RỶ, (e) Rề. 
JustIfy your answer. 


?Alexander Pope (1688—1744) wrote an epitaph for Newton: 
“Nature, and Nature”s laws lay hid in night: 
God said, Lef Ne+fton be! and all was light.” 
Sir John Squire (1884—1958), perhaps uncomfortable with Einstein's profound thoughts, added: 
1t did not last: the Devil howling “Ho7 
Let Einstein be! restored the status quo.” 


(Œœ) 


FIGURE 33-19 (a) Rubber-sheet 
analogy for space-time curved by 
matter. (b) Same analosy for a black 
hole, which can “swallow up” obJects 
that pass near. 
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FIGURE 33-20 Atoms and molecules 
emit and absorb light of particular 
frequencies depending on the spacing 
of their energy levels, as we saw In 
Chapters 27 to 29. (a) The spectrum 
of lipht received from a relatively 
slow-moving galaxy. (b) Spectrum of a 
galaxy moving away from us at a much 
higher speed. Note how the peaks (or 
lines) in the spectrum have moved to 
longer wavelengths. The redshIft is 
A= (Aobs = Âuyo)/Ã cán , 


NHUBBLESLAW 


33—5 The Expanding Universe: 
Redshift and Hubble's Law 


W© discussed 1n Section 33—2 how Individual stars evolve from therr birth to the1r 
death as white dwarfs, neutron stars, or black holes. But what about the universe 
as a whole: 1s 1t static, or does 1t change? One of the most Important scientific 
discoveries of the twentieth century was that distant galaxiles are racing away 
from us, and that the farther they are from us at a g1ven time, the faster they are 
moving away. How astronomers arrived at this astonishing 1dea, and what 1t 
means for the past history of the universe as welÏ as 1ts future, wIll occupy us for 
the remainder of the book. 

Observational evidence that the universe 1s expanding was first put forth by 
Edwin Hubble in 1929. 'This idea was based on distance measurements of galaxIes 
(Section 33-3), and determination of their velocities by the Doppler shift of 
spectral lines in the light received from them (Fig. 33-20). In Chapter 12 we saw 
how the frequency of sound 1s higher and the wavelength shorter 1ƒ the source 
and observer move toward each other. If the source moves away from the 
observer, the frequency 1s lower and the wavelength longer. The Doppler efect 
Occurs also for lipht, but the formula for light 1s slightly different than for sound 
and is given byÏ 


J1 Địc source and observer movin 

Àgbs E Àres 1 — 0c : from each other BỊ G3-3) 
where À;¿s 1s the emifted wavelength as seen In a reference Írame at rest with 
respect to the source, and Àøp; 1s the wavelength observed In a frame moving with 
velocity ø away from the source along the line of sipht. (For relative motion 
totoard each other,  < 0 ïn this formula.) When a distant source emits light of 
a particular wavelength, and the source 1s moving away from us, the wavelength 
appears longer to us: the color of the light (ïŸ it is visible) 1s shifted toward the red 
end of the visible spectrum, an effect known as a redshift. (If the source moves 
toward us, the color shifts toward the blue or shorter wavelensth.) 

In the spectra of stars in other galaxies, lines are observed that correspond to 
lines in the known spectra of particular atoms (see Section 27—11 and Eigs. 24-28 
and 27-23). What Hubble found was that the lines seen ¡n the spectra from 
distant galaxles were generally redshiƒfied, and that the amount of shit seemed to 
be approximately proportional to the distance of the galaxy from us. That 1s, the 
velocity ø of a galaxy moving away from us 1s proportional to 1(s distance đ from us: 


 = Hạd. (33-4) 


Thịs 1s Hubble?s law, one of the most fundamental astronomical 1deas. It was Íirst 
suggested, in 1927, by Georges Lemaitre, a Belgian physics professor and priest, 
who also first proposed what later came to be called the Big Bang. The con- 
stant #1 is called the Hubble parameter. 

The value of #ạ until recently was uncertain by over 20%, and thoupht to be 
between 15 and 25 km/s/Mly. But recent measurements now put its value more 
precisely at 


1 = 21km/s/Mly 


(that is, 21 km/s per million light-years of đistance). The current uncertainty 1s 
about 2%, or +0.5 km/s/MIy. [ Hụ can be written in terms of parsecs (Section 33-3) 
as Hạ = 67 km/s/Mpc (that is, 67km/s per megaparsec of distance) with an 
uncertainty of about + 1.2 km/s/Mpc. ] 


TFor light there is no medium and we can make no distinction between motion of the source and 
motion of the observer (special relativity), as we did for sound which travels in a medium. 
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Redshift Origins 


Galaxies very near us seem to be moving randomly relative fo us: some move 
towards us (blueshifted), others away from us (redshifted); their speeds are on 
the order of 0.001c. But for more distant galaxies, the velocity OŸ recession 1s much 
øreater than the velocity of local raadom motion, and so 1s dominant and Hubble”s 
law (Eq. 33-4) holds very well. More distant galaxies have higher recession 
velocity and a larger redshift, and we call their redshift a cosmological redshift. 
We Interpret this redshIft today as due to the expansion öŸ space 1tself. We can 
think of the originally emitted wavelength À;¿s( as being stretched out (becoming 
longer) along with the expanding space around 1t, as suggested im Fig. 33-21. 
Although Hubble thought of the redshift as a Doppler shift, now we prefer to 
understand 1t in this sense of expanding space. (But note that atoms in galaxies 
do not expand as space expands; they keep theIr regular s1ze.) 

There 1s a third way to produce a redshift, which we mention for completeness: 
a gravitafional redshift. Light leaving a massive sfar 1s gaining In gravifational 
potenfial energy (Just like a stone thrown upward from Earth). So the kinetic 
energy of each photon, ƒ, must be getting smaller (to conserve energy). A smaller FIGURE 33-21 Simplified model of 
frequeney ƒ means a larger (longer) wavelength À (= c/ƒ), which is a redshift.  32-dimensional universe, imagined 


The amount of a redshift is specified by the redshift paramefer, z, definedas 3$ baHoon. Às you blow up the 
balloon (= expanding universe), the 
Àobs — Àrest = AA , (33—5a) wavelength of a wave on I{s surface 


Àrest Àrest gets longer (redshifted). 


where À;¿„¡ 1s a wavelength as seen by an observer at rest relative to the source, 
and Àop; 1s the wavelength measured by a moving observer. Equation 33—5a can 
be wriften as 


Àobs 
#e =. (33-5b) 
Àrest 
and 
Àobs 
+ 1= D (33-5c) 
Àrest 


For low speeds not close to the speed of light (ø 0.1 c), the Doppler formula 

(Eq. 33-3) can be used to show (Problem 32) that z 1s proportional to the speed 
Of the source toward or away from us: 
Àob — À AA 

= obs TC. —_ = Lb - [ø << ‹] t1=ñ) 


Àrest Àrest C 


But redshifts are not always small, in which case the approximation of Eq. 33—6 1s 
not valid. For high z galaxIes, not even Eq. 33—3 applies because the redshift is due 
to the expansion of space (cosmological redshift), not the Doppler effect. Our 
Chapter-Opening Photograph, page 947, shows two very distant high z galaxies, 
Z = 8.8 and 11.9, which are also shown enlarged. 


* Scale Factor (advanced) 


The expansion of space can be described as a scaling of the typical distance between 
two points or obJecfs in the universe. If two distant galaxies are a distance đọ 
apart at some 1nitial time, then a time í later they wIll be separated by a greater 
distance đ(f). The seale factor 1s the same as for light, expressed in Eq. 33—5a: 


dự) — dụ AA 

đọ À 

dự) 

đọ 

Thus, for example, If a galaxy has z = 3, then the scale factor Is now 
(1+ 3) = 4 times larger than when the light was emitted from that galaxy. 
That 1s, the average distance between galaxies has become 4 times larger. Thus 


the factor by which the wavelength has Increased since 1t was emitted tells us by 
what factor the universe (or the typical distance between objects) has increased. 


OT 


= 1+z. 
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(a) (b) 
FIGURE 33-22 Expansion of the universe looks the same from any point in the universe. If you are on Earth 


as shown In part (a), or you are instead at galaxy A (which 1s at rest in the reference frame shown ¡n (b)), all 
other galaxies appear to be racing away from you. 


Expansion, and the Cosmological Principle 


What does 1t mean that distant galaxles are all moving away from us, and with 
ever greafer speed the farther they are from us? It seems to suggest some kind of 
explosive expansion that started at some very distant time 1n the past. And at 
first sipht we seem to be In the middle of 1t all. But we aren't. The expansion 
appears the same from any other poïnt In the universe. To understand why, see 
Fig. 33-22. In Eig. 33-22a we have the view from Earth (or from our Galaxy). 
The velocitles of surrounding galaxiles are indicated by arrows, pointing away 
from us, and the arrows are longer (faster speeds) for galaxies more distant from 
us. Now, what 1Ÿ we were on the galaxy labeled A 1n Fig. 33-22a? From Earth, 
galaxy A appears to be moving to the ripht at a velocity, call 1t ÿA , represented by 
the arrow pointing to the right. If we were øw galaxy A, Earth would appear to be 
moving to the left at velocity —Vạ.. To determine the velocitles of other galaxies 
relafive to A, we vectorially add the velocity vector, —Ya,, to all the velocIty arrows 
shown In Fig. 33-22a. This yields Fig. 33—22b, where we see that the universe 
1S eXpanding away from galaxy A as well; and the velocitles of galaxies receding 
from A are proportional to their current distance from A. The uniuerse looks 
pretty much the same from diÍƒerent poinfs. 

Thus the expansion of the universe can be stated as follows: all galaxles are 
racing away from cách other at an average rate of about 21 km/s per million light- 
years Of distance between them. The ramifications of this Idea are profound, and 
we discuss them In a momenI. 

A baslc assumption 1n cosmology has been that on a large scale, the universe 
would look the same to observers at different places at the same time. In other 
words, the universe is both /soíropic (looks the same ¡in all directions) and 
homogeneous (would look the same 1Ÿ we were located elsewhere, say in another 
galaxy). This assumption 1s called the eosmological principle. On a local scale, 
say In our solar system or within our Galaxy, it clearly does not apply (the sky 
looks different in different directions). But it has long been thought to be valid 
1Í we look on a large enough scale, so that the average population density of 
galaxies and clusters of galaxies ought to be the same in different areas of the sky. 
Thịs seems to be valid on distances greater than about 700 Mly. The expansion of 
the universe (Fig. 33-22) ¡is consistent with the cosmological principle; and the 
near uniformity of the cosmic microwave background radiation (discussed In 
Section 33—6) supporfs it. Another way to state the cosmological principle 1s that 
our pÏace in the uniUerse is not special. 

The expansion of the universe, as described by Hubble?s law, strongly 
suggesfs that galaxles must have been closer together In the past than they are 
now. This 1s, In fact, the basis of the Big Bang theory of the origin of the unIverse, 
which pictures the universe as a relentless expansion sfarting from a very hot and 
compressed beginning. We discuss the Big Bang In detail shortly, but first let us 
see what can be said about the age of the unIverse. 
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One way to estimate the age of the universe uses the Hubble parameter. 
With Hạ + 21km/s per 10 light-years, the time required for the galaxies to 
arrive at their present separations would be approximately (starting with ® = đ/¡ 
and using Hubble”s law, Eq. 33-4), 


6 13 

mm... 1. (10 Iy)(0.95 <x 10 km/Iy) x: 14 8e 

0 Hạd Họ — (21km/s)(3.16 x 10”s/yr) 

or 14 billion years. The age of the universe calculated in this way 1s called the 
characteristic expansion tme or “Hubble age.” Ït 1s a very rough estimate and 
assumes the rate of expansion of the universe was constant (which today we are 
quife sure 1s not true). Today°s best measurements øive the age of the universe as 
about 13.8 < 10” yr, in remarkable agreement with the rough Hubble age estimate. 


* Steady-State Model 


Before discussing the Big Bang m detail, we mention one alternative to the Big 
Bang——the steady-state model——which assumed that the universe 1s Infimitely old 
and on average looks the same now as it always has. (This assumed uniformity in 
time as well as space was called the perƒfect cosmological principle.) According to 
the steady-state model, no large-scale changes have taken place In the unIiverse 
as a whole, particularly no Big Bang. To maimtain this view 1n the face of the 
Tecession of gøalaxiles away from each other, matter would need to be created 
continuously to maInfain the assumption of unformrity. The rate oŸ mass creafion 
required is very small——about one nucleon per cubic meter every 10” years. 

The steady-state model provided the Big Bang model with healthy competi- 
tion 1n the mid-twentieth century. But the discovery of the cosmic microwave 
background radiation (next Section), as well as other observations of the universe, 
has made the Big Bang model universally accepted. 


33-6 The Big Bang and the Cosmic 
Microwave Background 


The expansion of the universe suggests that typical obJects 1n the universe were 
once much closer together than they are now. Thịs 1s the basis for the Idea that 
the universe began about 14 billion years ago as an expansion from a state OŸ very 
hiph density and temperature known affectionately as the Big Bang. 

The birth of the universe was not an explosion, because an explosion blows 
pleces out Iinto the surrounding space. Instead, the Big Bang was the start of an 
expansion of space 1self. The observable universe was relaftively very small at the 
start and has been expanding, getting ever larger, ever since. The Imtial tiny uni- 
Verse of extremely dense matter 1s not to be thought of as a concenfrated mass In 
the midst of a much larger space around 1t. The Imtial tiny but dense unIverse Was 
the emfire uniuerse. There wouldn't have been anything else. When we say that 
the universe was once smaller than 1t is now, we mean that the average separation 
between objects (such as electrons or galaxies) was less. The universe may have 
been infinite in extent even then, and 1t may still be now (only bipger). The 
observable universe (that which we have the possibility of observing because 
light has had time to reach us) 1s, however, finite. 

A major piece of evidence supporting the Big Bang ¡s the eosmic microwave 
background radiation (or CMB) whose discovery came about as follows. 

In 1964, Arno Penzias and Robert Wilson pointed their horn antenna for 
detecting radio waves (Fig. 33-23) into the sky. With ¡it they detected widespread 
emission, and became convinced that it was coming from outside our Galaxy. 
They made precise measurements at a wavelength À = 7.35 cm, in the micro- 
wave region of the electromagnetic spectrum (Eig. 22-8). The intensity of this 
radiation was found 1nitially not to vary by day or nipht or time 0Ý year, nor to 
depend on direction. It came from all directions In the universe with equal 
Iintensity, to a precision of better than 1%. It could only be concluded that this 
radiation came from the universe as a whole. 


FIGURE 33-23 Photo of Arno 
Penzias (right, who signed it 
“Arno”) and Robert Wilson. Behind 
them their “horn antenna.” 
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FIGURE 33-24 Spectrum of cosmic microwave ` : HN 
background radiation, showing blackbody curve 
and experimental measurements including at the 
Írequency detected by Penzias and Wilson. 
(Thanks to GŒ. E. Smoot and D. Scott. The vertical 
bars represent the most recent experimental 
uncerfainty in a measuremenI.) 
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The Intensity of this CMB measured at À = 7.35 em corresponds to black- 
body radiation (see Section 27-2) at a temperature of about 3 K. When radiation 


FIGURE 33-25 COBE scientists at other wavelengths was measured by the COBE satellite (COsmic Background 
John Mather (chief scientist and Explorer), the Intensifies were found to fall on a nearly perfect blackbody curve 
responsible for measuring the as shown in Eig. 33-24, corresponding to a temperature of 2.725 K (+0.002 K). 

blackbody form of the spectrum) The remarkable uniformity of the CMB was In accordance with the 


and George Smoot (chief 
1nvestigator Íor anisofropy 
experiment) shown here during 
celebrations for their Dec. 2006 


cosmological principle. But theorists felt that there needed to be some small 
inhomogenetfies, or “anisotropies,” in the CMB that would have provided 
“seeds” at which galaxy formation could have started. Small areas of sliphtly 
Nobel Prize, given for their hipher đensity, which could have contracted under 8TAVItY tO form clusters of 
discovery of the spectrum and galaxies, were indeed found. These tiny inhomogeneities in density and tempera- 
anisotropy of the CMB using the ture were detected first by the COBE satellite experiment1n 1992, led by George 
COBE Instrument. Smoot and John Mather (Eig. 33-25). 

Thịs discovery of the anisofropy of the CMB ranks with the discovery ofthe CMB 
1fself im the history of cosmolosy. The blackbody ft and the anisotropy were the cul- 
mination of decades of research by pioneers such as Richard Muller, Paul Richards, 
and David Wilkinson. Subsequenf experimenfs øave us greater detail mm 2003, 2006, 
and 2012 with the WMAP (Wilkinson Microwave Anisotropy Probe) results, 
Fig. 33-26, and even more recently with the European Planck satellite results In 2013. 

The CMB provides strong evidence In support of the Big Bang, and gIves us 
information about conditions In the very early universe. In fact, in the late 1940s, 
George Gamow and his collaborators calculated that a Big Bang origin of the 
universe should have generated Just such a microwave background radiation. 

To understand why, let us look at what a Big Bang might have been like. 
(Today we usually use the term “Big Bang” to refer to the process, starting from 
a moment after the birth of the universe through the subsequent expansion.) The 
temperature must have been extremely high at the start, so high that there could 
not have been any atoms In the very early stapes of the universe (high energy 
collisions would have broken atoms apart into nuclei and free electrons). Instead, 
the universe would have consisted solely of radiation (photons) and a plasma of 
charged electrons and other elementary particles. The universe would have been 


FIGURE 33-26 Measurements of the cosmic 
microwave backsround radiation over the entire 

sky, color-coded to represent differences in temperature 
from the average 2.725 K: the color scale ranges 

from +200 K (red) to —200 „K (dark blue), 
representing slighdly hotter and colder spofs 
(associated with variations in density). Resulfs are 
from the WMAP satellite in 2012: the angular 
resolution 1s 0.2”. 
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Oopaque——the photons 1n a sense “trapped,” traveling very short distances before 
being scattered again, primarily by electrons. Indeed, the details of the microwave 
background radiation provide strong evidence that matter and radiation were once In 
equilibrium at a very high temperature. As the universe expanded, the energy spread 
out over an imncreasinply larger volume and the temperature dropped. Not long 
before the temperature had fallen to ~ 3000 K, some 380,000 years later, could nuclei 
and electrons combine together as stable atoms. With the disappearance of free elec- 
trons, as they combined with nucle1 to form atoms, the radiation would have been 
freed—decoupled from matter, we say. The universe became framsparenf because 
photons were now free to travel nearly unimpeded straight through the universe. 

It1s this radiation, from 380,000 years after the birth of the universe, that we 
now see as the CMB. As the universe expanded, so too the wavelengths of the 
radiation lengthened, thus redshifting to longer wavelengths that correspond to 
lower temperature (recall Wien”s law, Àp?” = constant, Section 27-2), until they 
would have reached the 2.7-K background radiation we observe today. 


Looking Back toward the Big Bang—Lookback Time 


Figure 33-27 shows our Earth point of view, looking out ím all directions back 
toward the Big Bang and the brief (380,000-year-long) period when radiation was 
trapped In the early plasma (yellow band). The time it takes light to reach us 
from an event is called its lookback time. The “close-up” insert In Eig. 33-27 
shows a phofon scattering repeatedly inside that early plasma and then exiting 
the plasma In a straight line. No matter what direction we look, our view of the 
very early universe 1s blocked by this wall of plasma. It is like trying to look Into 
a very thick fog or into the surface of the Sun—we can see only as far as 1tS 
surface, called the surface of last scaffering, but not Into 1t. Wavelengths from 
there are redshifted by z + 1100. Time Aí' In Eig. 33-27 1s the lookback time 
(not real time that goes forward). 

Recall that when we view an obJect far away, we are seeing 1t as 1t was then, 
when the light was emitted, not as it would appear today. 


Birth of 
UnIVerse 


FIGURE 33-27 When we look out from the Earth, we look 
back in time. Any other observer In the universe would see 
more or less the same thing. The farther an object 1s from us, 
the longer ago the lipht we see had to have left it. We cannot 
see quite as far as the Big Bang; we can see only as far as the 
“surface of last scattering,” which radiated the CMB. The 
1nsert on the lower ripht shows the earliest 380,000 years of 
the universe when 1t was opaque: a photon 1s shown 
Birth of scattering many times and then (at decoupling, 380,000 yr 
universe after the birth of the universe) becoming free to travel in 
a straipht line. If this photon wasn”t heading our way when 
“liberated,” many others were. Galaxies are not shown, but 
would be concentrated close to Earth in this diagram because 
they were created relatively recently. Noíe: Thĩs diagram 1s 
not a normal map. Maps show a section of the world as mipht 
be seen all af a giuen time. This điagram shows space (like a 
map), but each point is mo at the same time. The light coming 
from a poïnt a distance r from Earth took a time Aƒ' = r/c 
/Binhof_ toreach Earth, and thus shows an event that took place long 
/ universe ago, atime A/' = r/c in the past, which we call its “lookback 
time.” The universe began Aí¿ = 13.8 Gyr ago. 


Our 
observable 
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Edge of 

observable unIverse 
(decoupling) 

= surface of last scattering 


The Observable Universe 


Figure 33-27 can easily be misinterpreted: 1t is not a picture of the universe at 
a g1ven Instant, but 1s intended to suggest how we look out In all directions from 
our observation point (the Earth, or near 1t). Be careful not to think that the birth 
Of the universe took place 1n a circle or a sphere surrounding us as 1Ý Flig. 33-27 
were a photo taken at a given moment. What Hg. 33—27 does show 1s what we can 
see, the obseruable uniuerse. Better yet, 1t shows the #osf we could see. 
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FIGURE 33-28 'TIwo observers, on 


widely separated galaxies, have 
đifferent horizons, different 
observable unIverses. 


We would undoubtedly be arrogant to think that we could see the entire 
universe. Indeed, theories assume that we cannot see everything, that the 
enfire universe ¡1s greater than the observable universe, which 1s a sphere of 
radIus 7; = cíc centered on the observer, with íạ being the age of the unIverse. 
We can never see further back than the time 1t takes light to reach us. 

Consider, for example, an observer In another galaxy, very far from us, 
located to the left of our observation point in Fig. 33—27. That observer would not 
vet have seen light coming from the far ripght of the large circle 1n Fig. 33—27 that 
we see—If WwIll take some time for that light to reach her. But she wIll have already, 
some time ago, seen the light coming from the left that we are seeing now. In 
fact, her observable universe, superimposed on ours, 1s suggested by FEig. 33—28. 

The edge of our observable universe 1s called the horizon. We could, in 
primeciple, see as far as the hor1zon, but not beyond it. An observer in another 
galaxy, far from us, w1Ill have a different hor1zon. 


33-—7 The Standard Cosmological Model: 
Early History of the Universe 


In the last decade or two, a convincing theory of the origin and evolution of the 
universe has been developed, now called the Standard Cosmological Model. Part 
Of this theory 1s based on recent theoretical and experimental advances In ele- 
mentary particle physics, and part from observations of the universe Iincluding 
COBE, WMAP, and Planck. Indeed, cosmology and elementary particle physIcs 
have cross-fertilized to a surpr1sing extent. 

Let us go back to the earliest of times—as close as possible to the Big 
Bang—and follow a Standard Model theoretical scenario oŸ events as the universe 
expanded and cooled after the Big Bang. Initially we talk of extremely small time 
1ntervals as well as extremely high temperatures, far higher than any temperature 
1n the universe foday. Figure 33-29 1s a compressed graphical represenftation of 
the events, and 1t may be helpful to consult 1t as we go along. 


FIGURE 33-29 Compressed graphical representation of the development of the universe 


after the Big Bang, according to modern cosmology. [The time scale 1s mostly logarithmic 
(each factor of 10 in time gets equal treatment), except at the start (there can be no 


£ = 0 ona log scale), and during inflation (to save space).| The vertical về Decoupling 34K 
heipht 1s a rough Indication of the s1ze of the universe, mainly to xemperst 3000K Ỷ 
Sugøøesft expansion of the universe: Early on (after Inflation) Quark confinement Star | 
the universe is decelerating ïn its expansion (note slipht n ¬ 
downward curve); but {or the last 7 Gyr iMzwfzffier @ia cac ayb | Đ 
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The History 
We begin at a time only a minuscule fraction of a second after the “beginning” of 
the universe, 10 '3s. This time (sometimes referred to as the Planck time) is an 
unimagmably short time, and predictions can be only speculative. Earlier, we can 
say nothing because we do not have a theory of quantum gravity which would be 
needed for the Incredibly high densifies and temperatures during this “Planck era.” 
The first theories of the Big Bang assumed the universe was extremely hot in 
the beginning, maybe 10K, and then gradually cooled down while expanding. 
In those first moments after 10 *3 s, the four forces of nature were thought to be 
united—there was only one force (Chapter 32, Fig. 32-22). Then a kind of 


“phase transition” would have occurred during which the gravitational force 
would have “condensed out” as a separate force. This and subsequent phase 
transitlons, as shown 1n Fig. 32-22, are analogous to phase transitlons wafter 
undergoes as 1t cools from a øas condensing 1nto a liquid, and with further cooling 
freezes into ice.Ï The syzzneiry of the four forces would have been broken 
leaving the strong, weak, and electromagnetic forces still unified, and the universe 
would have entered the grand unified era (GUT—see Section 32-11). 

Thịs scenarlio of a ho Big Bang 1s now doubted by some Important theorIsts, 
such as Andreí Linde, whose theorles suggest the universe was much cooler at 
the Planck time. But what happened next to the universe, though very strange, 1s 
accepted by most cosmologists: a brilliant 1dea, suggested by Linde and Alan 
Guth in the early 1980s, proposed that the universe underwent an incredible 
exponentfial expansion, increasing in size by a factor of 10”? or maybe much more, 
in a tiny fraction of a second, perhaps 10”Šs or 10”32s. The usefulness of this 
inflationary scenario 1s that 1t solved maJor problems with earlier Big Bang models, 
such as explaining why the universe 1s flat, as well as the thermal equilibrium to 
provide the nearly unform CMB, as discussed below. 

When mflaton ended, whatever energy caused 1t then ended up being 
transformed 1nto elementary particles with very hiph kinetic energy, corresponding 
to very high temperature (Eq. 13-8, KE = ÿ k7). That process is referred to as 
reheating, and the universe was now a “soup” of leptons, quarks, and other 
particles. We can think of this “soup” as a plasma of particles and antiparticles, 
as well as photons—all in roughly equal numbers—colliding with one another 
frequently and exchanging enerøy. 

The temperature of the universe at the end of Inflation was much lower than 
that expected by the hot Big Bang theory. But ¡it would have been high enouph so 
that the weak and electromagnetic forces were unified Into a single force, and 
this stage of the universe 1s sometimes called the electroweak era. Approximately 
10ˆ1”s after the Big Bang, the temperature dropped to about 101” K corresponding 
to randomly moving particles with an average kinetic energy KE of about 100 GeV 
(see Eq. 13-8): 

(14 x 1031/K)(10®K) 

1.6 x 10'1/eV 


(As an estimate, we usually ignore the factor š in Eq. 13-8.) At that time, 
symmetry between weak and electromagnetic forces would have broken down, 
and the weak force separated from the electromagnefIc. 

As the universe cooled down to about 10!'K (KE + 100MeV), approxi- 
mately 10”s after the Big Bang, quarks stop moving freely and begin to 
“condense” Into more normal particles: nucleons and the other hadrons and ther 
antiparticles. With this confinement of quarks, the universe entered the hadron 
era. But it did not last long. Very soon the vast maJority of hadrons disappeared. 
To see why, let us focus on the most familiar hadrons: nucleons and their anti- 
particles. When the average kinetic energy of particles was somewhat higher than 
1 GeV, protons, neutrons, and their antiparticles were continually being created 
out OÝ the energles of collisions Involving photons and other particles, such as 


KE + kŸ 10eV = 100 GeV. 


photons —> p + p 
—>n +1. 
But Just as quickly, particles and antiparticles would annihilate: for example 
P + Pp — photons or leptons. 


So the processes of creatlon and annmihilation of nucleons were 1n equilibrium. 
The numbers of nucleons and antinucleons were high—roughly as many as there 
were electrons, positrons, or photons. But as the universe expanded and cooled, 
and the average kinetic energy of particles dropped below about 1 GeV, which 1s 
the minimum energy needed 1n a typical collision to create nucleons and anti- 
nucleons (about 940 MeV each), the process of nucleon creation could not continue. 
TIt may be interesting to point out that this story of origins here bears some resemblance to ancient 


accounfs (nonscientific) that mention the “void,” “formless wasteland” (or “darkness over the deep”), 
“abyss,” “đivide the waters” (= a phase transition?), not to mention the sudden appearance of light. 
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FIGURE 33-29 (Repeated.) Compressed graphical represenfation “rempera0Y9 
of the development of the universe after the Big Bang, .~T—. 


according to modern cosmology. 
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Anmnihilation could continue, however, with antinucleons annihlating nucleons, until 
almost no nucleons were left. But not quite zero. Somehow we need to explain our 
present world of matfer (nucleons and electrons) with very little antimatter In sipht. 

To explain our world of matter, we mighf suppose that earlier in the unIverse, 
after the inflationary period, a slipght excess of quarks over antiquarks was formed.” 
This would have resulted In a slight excess of nucleons over antinucleons. And 
1t 1s these “leftover” nucleons that we are made of today. The excess of nucleons 
over antinucleons was probably about one part in 10. During the hadron era, 
there should have been about as many nucleons as photons. Affter it ended, the 
“leftover” nucleons thus numbered only about one nucleon per 10” photons, and 
this ratio has persisted to this day. Protons, neutrons, and all other heavier particles 
were thus tremendously reduced in number by about 10s after the Big Bang. 
The lightest hadrons, the pions, soon disappeared, about 10s after the Big Bang; 
because they are the lightest mass hadrons (140 MeV), pions were the last hadrons 
able to be created as the temperature (and average kinetic energy) dropped. 
Lighter particles, including electrons and neutrinos, were the dominant form of 
matter, and the universe entered the lepton era. 

By the time the first full second had passed (clearly the most eventful second 
in history!), the universe had cooled to about 10 billion degrees, 10'°K. The 
average kinetic energy was about 1 MeV. This was still sufficient energy to create 
electrons and positrons and balance their annmihilation reactions, since their 
masses correspond to about 0.5 MeV. So there were about as many e” and e~ 
as there were photons. But within a few more seconds, the temperature had 
dropped sufficiently so that e* and e~ could no longer be formed. Annihilation 
(e” + e_ — photons) continued. And, like nucleons before them, electrons and 
positrons all but disappeared from the universe—except for a slight excess of 
electrons over positrons (later to join with nuclei to form atoms). Thus, about 
£ = 10s after the Big Bang, the universe entered the radiation era (Fig. 33-29). 
]ts maJor constituents were photons and neutrinos. But the neutrinos, partaking 
only in the weak force, rarely interacted. So the universe, until then experiencing 
signiicant amounts of enerey In matter and ím radiation, now became 
radiatfion-dominated: much more energy was confained In radiation than in matfter, 
a situation that would last more than 50,000 years. 
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Meanwhile, during the next few minutes, crucial events were taking place. 
Beginning about 2 or 3 minutes after the Big Bang, nuclear fusion began to 
occur. The temperature had dropped to about 10K, corresponding to an aver- 
age kinetic energy KE + 100 keV, where nucleons could strike each other and be 
able to fuse (Section 31—3), but now cool enouegh so newly formed nuclei would 
not be immediately broken apart by subsequent collisions. Deuterium, helium, 
and very tiny amounts of lithium nuclei were made. But the universe was cooling 
too quickly, and larger nuclei were not made. After only a few minutes, probably not 
even a quarter of an hour after the Big Bang, the temperature dropped far enough 
that nucleosynthesis stopped, not to start again for millions of years (in sfars). 


TWhy this could have happened is a question for which we are seeking an answer today. 


Thus, after the first quarter hour or so of the universe, maftter consisted mainly of 
bare nuclei of hydrogen (about 75%) and helium (about 25%)” as well as electrons. 
But radiation (photons) continued to dominate. 

Our story 1s almost complete. The next important event 1s thought to have 
occurred 380,000 years later. The universe had expanded to about ¡ggg Of its pres- 
ent scale, and the temperature had cooled to about 3000 K. The average kinetic 
energy of nuclei, electrons, and photons was less than an electron volt. Since 
1On1Zatlon energIes of atoms are on the order of eV, then as the temperature 
dropped below this point, electrons could orbit the bare nuclei and remain there 
(without being ejected by collisions), thus forming atoms. This period 1s offen 
called the recombinafion epoch (a misnomer since electrons had never before 
been combined with nuclei to form atoms). With the disappearance of free 
electrons and the birth of atoms, the photons—which had been continually 
scattering from the free electrons—now became free to spread throughout the 
universe. As menfioned in the previous Section, we say that the photons became 
decoupled from matter. Thus đecoupling occurred at recombinafion. The energy 
contained m radiation had been decreasing (lengthening mm wavelength as the 
universe expanded); and at about í = 56,000 yr (even before decoupling) the 
energy contained 1n matter became dominant over radiation. The universe was 
said to have become maffer-dominated (marked on Fig. 33-29). As the universe 
confinued to expand, the electromagnetic radiation cooled further, to 2.7 K today, 
forming the cosmic microwave background radiation we detect from everywhere 
1n the unIverse. 

After the birth of atoms, then stars and galaxiIes could begin to form: by self- 
ØTavifation around mass concentrations (nhomogeneities). Stars began to form 
about 200 million years after the Big Bang, galaxies after almost 107 years. The 
universe continued to evolve unfil today, some 14 billion years after 1t started. 


Lá. 


Thịs scenario, like other sclentific models, cannot be said to be “proven.” Yet 
this model 1s remarkably effective 1n explaining the evolution of the universe we 
live In, and makes predictions which can be tested agaInst the next generation of 
Observafions. 

A major event, and something only discovered recently, 1s that when the 
universe was about half as old as 1t is now (about 7 Gyr ago), 1ts expansion began 
to accelerate. This was a big surprIse because 1t was assumed the expansion of the 
universe would slow down due to gravifatlonal attraction of all obJects toward 
each other. This acceleration 1n the expansilon of the universe 1s said to be due to 
“dark energy,” as we discuss in Section 33-9. On the ripht in Fig. 33-29 1s 
a narrow vertical strip that represents the most recent 7 billion years of the 
universe, during which đark energy seems to have dominated. 


33—8 Inflation: Explaining Flatness, 
niformity, and Structure 


The idea that the universe underwent a period of exponential Inflation early In ItS 
life, expanding by a factor of 102 or more (previous Section), was first put forth 
by Alan Guth and Andreí Linde. Many sophisticated models based on this general 
1dea have since been proposed. The energy required for this wIld expansion may 
have been due to fields somewhat like the Higgs field (Section 32—10). So far, the 
evidence for Inflation 1s Indirect; yet 1t 1s a feature of most viable cosmological 
models because 1t alone 1s able to provide natural explanations for several 
remarkable features OŸ our unIverse. 


PThis Standard Model prediction of a 25% primordial production of helium agrees with what we 
observe today——the universe đøes conftain about 25% He——and ït is strong evidence in support of the 
Standard Big Bang Model. Furthermore, the theory says that 25% He abundance is fully consistent 
with there being three neutrino types, which 1s the number we observe. And it sefs an upper limit of 
four to the maximum number of possible neutrino types. This is a striking example of the powerful 
connection between particle physilcs and cosmolosy. 
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FIGURE 33-30 (a) Simple 2-D 
model of the entire universe; the 
observable universe 1s suggested by 
the small circle centered on us (blue 
dot). (b) Edge of entire universe 1s 
essentially flat after the 10-fold 
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(a) Before inflation (b) After inflation 


Flatness 


Eirst of all, our best measurements suggest that the universe 1s flat, that it has zero 
curvature. As sclenfists, we would like some reason for this remarkable result. To 
see how Inflation explains flatness, consider a simple 2-dimensional model of the 
universe as we dịd earlier in Figs. 33—16 and 33-21. A circle in this 2-dimensional 
universe (= surface of a sphere, Fig. 33—30a) represenfs the obseruable universe as 
seen by an observer at the blue dot. A possible hypothesis 1s that infÏation occurred 
Oover a time Interval that very roughly doubled the age of the universe from, let us 
say, £ = 1X 10s to £= 2 x 10s. The size of the obseruable universe 
(r = cf) would have Increased by a factor of two during inflation, while the radius 
Of curvature of the enire universe increased by an enormous factor of 10?” or 
more. Thus the edge of our 2-D sphere representing the entire universe would 
have seemed flat to a híiph degree of precision, as shown 1n Eig. 33-30b. Even 
1ƒ the time of inflation was a factor of 10 or 100 (mnstead of 2), the expansion 
factor of 10? or more would have blotted out any possibility of observing any- 
thing but a flat universe. 


CMB Uniformity 


Inflation also explains why the CMB 1s so uniform. Without inflation, the tiny 
universe at 10s would not have been small enough for all parts of it to 
have been ¡im confact and so reach the same temperature (information 
cannot travel faster than c). To see this, suppose that the currently observable 
universe came from a region of space about 1cm in diameter at f = 10s, 
as per original Big Bang theory. In that 109s, light could have traveled 
d = cí = (3 x 108m/s)(10 3s) = 10 ””m, way too small for the opposite sides 
ofa 1-cm-wide “universe” to have been 1n communication. But 1ƒ that region had 
been 109 times smaller (= 10'32m), as proposed by the inflation model, there 
could have been contact and thermal equilibrium to produce the observed nearly 
uniform CMB. Inflation, by making the very early universe extremely small, 
assures that all parts of that region which 1s today”s observable universe could 
have been In thermal equilibrium. And after Inflation the universe could be large 
enouph to øive us today”s observable unIverse. 


Galaxy Seeds, Fluctuations, Magnetic Monopoles 


Inflation also gives us a clue as to how the present sfructure of the universe 
(galaxies and clusters of galaxies) came about. We saw earlier that, according to 
the uncertainty principle, energy might be not conserved by an amount A# for a 
time Af  ñ,/AF. Forces, whether electromagnetic or other types, can undergo such 
tiny quantum fiuctuafions according to quantum theory, but they are so tiny they 
are not detectable unless magnified in some way. That is what Inflation might have 
done: it could have magnified those fluctuations perhaps 10” times ¡n size, which 
would give us the density 1rregularitiles seen 1n the cosmic microwave background 
(WMAP, Fig. 33-26). That would be very nice, because the density variatlons we 
see In the CMB are what we believe were the seeds that later coalesced under 
øravify into galaxies and galaxy clusters, and our models fit the data extremely well. 

Sometimes 1f 1s said that the quantum fluctuations occurred in the yacuum 
sfate or vacuum enersy. This could be possible because the vacuum 1s no longer 
considered to be empty, as we discussed 1n Section 32—3 relative to positrons as holes 
1n a negative energy sea of electrons. Indeed, the vacuum 1s thought to be filled 
with fields and particles occupying all the possible negafive energy states. 


AIso, the virtual exchange particles that carry the forces, as discussed in Chapter 32, 
could leave theIr brief virtual states and actually become real as a result of the 
109 magnification of space (according to inflation) and the very short time over 
which it occurred (A7 = ñ/AEF). 

Inflation helps us too with the puzzle of why magnefie monopoles (Section 20—1) 
have never been observed, yet isolated magnetic poles may well have been 
copIously produced at the start. After inflation, they would have been so far apart 
that we have never stumbled on one. 

Inflation may solve outstanding problems, but we may need new physics to 
understand how Inflation occurred. Many predictions of Inflatlonary theory have 
been confirmed by recent cosmological observafIons. 


33-9 Dark Matter and Dark Energy 


According to the Standard Big Bang Model, the universe 1s evolving and changing. 
Individual stars are being created, evolving, and then dying to become white 
dwarfs, neutron stars, or black holes. At the same time, the universe as a whole 1s 
expanding. One important question 1s whether the universe will continue to 
expand forever. Until the late 1990s, the universe was thought to be dominated 
by matter which Interacts by gravrty, and the fate of the universe was connected 
to the curvature of space-time (Section 33-4). If the universe had z+egzfie curvature, 
the expansion of the universe would never stop, although the rate of expansion 
would decrease due to the gravitational attraction of 1(s parts. Such a universe 
would be øpen and infinite. If the universe is fzf (no curvature), it would still be 
open and Infinite but Its expansion would slowly approach a zero rate. If 
the universe had øos/ue curvature, 1 would be c/oseđ and finite; the effect of 
gravity would be strong enouph that the expansion would eventually stop and the 
universe would begin to contract, collapsing back ontfo 1tself in a big crunch. 


Critical Density 


According to the above scenario (which does not include inflation or the recently 
discovered acceleration of the universe), the fate of the universe would depend 
on the average mass—energy density 1n the universe. For an average mass density 
greater than a critical value known as the crifical density, estimated to be about 
pc # 10” kg/mỶ 

(¡.e., a few nucleons/mỶ on average throughout the universe), space-time would 
have a posifive curvature and øgravity would prevent expansion from confinuing 
forever. Eventually (I  > p¿) gravity would pull the universe back Into a big 
crunch. Ifinstead the actual density was equal to the critical density, p = ø., the 
universe would be flat and open, Just barely expanding forever. If the actual 
density was less than the critical density, p < ø,, the universe would have nega- 
tive curvature and would easily expand forever. See Eig. 33—31. Today we believe 
the universe 1s very close to flat. But recent evidence suggests the unIverse 1s 
expanding at an accelerating rate, as discussed below. 
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FIGURE 33-31 Three future 
possIbilities for the unIverse, 
depending on the density p of 
ordinary matter, plus a fourth 
pOossIbility that includes dark energy. 
Note that all curves have been 
chosen to have the same sÌope 

(= Hụ, the Hubble parameter) ripght 
now. Looking back in time, the Big 
Bang occurs where each curve 

30 touches the horizontal (time) axis. 
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FIGURE 33-32 Saul Perlmutter, 
center, flanked by Adam G. Riess 
(left) and Brian P. Schmidt, at the 
Nobel Prize celebrations, December 
2011. 


EXERCISE E Return to the Chapter-Openineg Ouestions, page 947, and answer them 
again. Try to explain why you may have answered differently the first time. 


Dark Matter 


WWMAP and other experiments have convinced scienfists that the universe 1s flat 
and ø = pc. But this ø cannot be only normal baryonic matter (atoms are 99.9% 
baryons—protons and neutrons—by weight). These recent experiments put the 
amount of normal baryonic matter in the universe at only about 5% of the critical 
density. What is the other 95%? There 1s strong evidence for a significant anount 
of nonluminous matter In the universe referred to as đark matter, which acts 
normally under gravity, but does not absorb or radiate light sufficlently to be visible. 
For example, observations of the rotation of galaxies suggest that they rotafte as 
1f they had considerably more mass than we can see. Recall from Chapter 5, 
Example 5-12, that for a satellite of mass  revolving around Earth (mass M⁄) 


2 
M 
TH"... 


and hence ø = WŒM/r. If we apply this equation to stars in a galaxy, we see 
that their speed depends on galactic mass. Observations show that stars farther 
from the galactic center revolve much faster than expected 1f there 1s only the 
pull of visible matter, suggesting a great deal of invisible matter. Similarly, 
observations of the motion of øalaxies within clusters also suggest that they have 
considerably more mass than can be seen. Furthermore, theory suggests that 
without dark matter, galaxies and stars probably would not have formed and 
would not exIst. Dark matter seems to hold the universe together. 

'What might this nonluminous matter ím the universe be? We don”t know yet. 
But we hope to find out soon. It cannot be made of ordinary (baryonic) matter, 
SO 1t must consist oŸ some other sort of elementary particle, perhaps created at 
a very early time. Perhaps 1f is made up of previously undetected 20eakly inferacting 
massie parficles (WIMPS), possibly supersymmetric particles (Section 32-12) 
such as neutralinos. We are anxIously awalfing the results of1ntense searches for 
such particles, looking both at what arrives from far out in the cosmos with 
underground detectors”, and by producing them in particle colliders (the LHC, 
Section 32-1). 

Dark matter makes up roughly 25% of the mass-energy of the universe, 
according to the latest observations and models. Thus the total mass—energy 1s 
25% dark matter plus 5% baryons for a total of about 30%, which does not bring p 
up to ø„. What is the other 70%? We are not sure about that either, but we have 
ø1ven 1t a name: “dark energy.” 


Dark Energy—Cosmic Acceleration 


In 1996, Just before the turn of the millennium, two groups, one led by Saul 
Perlmutter and the other by Brian Schmidt and Adam Riess (Fig. 33—32), reported 
a huge surprise. Gravity was assumed to be the predominant force on a large scale 
1n the universe, and it was thought that the expansion of the universe ought to 
be slowimng down 1n time because gravify acfs as an attractive force between 
objects. But measurements of Type la supernovae (our best standard candles— 
see Section 33-3) unexpectedly showed that very distant (high z) supernovae 
were dimmer than expected. That 1s, given their great distance đ as determined 
from their low brightness, their speed ø as determined from the measured z 
was less than expected according to Hubble”s law. This result suggests that 
nearer galaxies are moving away from us relatively faster than those very distant 
ones, meaning the expansion of the universe in more recent epochs has sped up. 


TIn deep mines and under mountains to block out most other particles. 
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This accelerafion in the expansion of the universe (in place of the expected 
deceleration due to pravitational attraction between masses) seems to have begun 
roughly 7 billion years ago (7 Gyr, which would be about halfway back to what 
we call the Big Bang). 

'What could be causing the unIverse to accelerafte 1n 1s expansion, against the 
attractive force of pgravity? Does our understanding of gravity need to be revised? 
We don't know the answers to these questions. Many sclentists say dark energy 1s 
the biggest mystery facing physical sclence today. There are several speculations. 
But somehow 1t seems to have a long-range repulsz»e effect on space, like a nega- 
tive gravify, causing ob]Jects to speed away from each other ever faster. Whatever 
1t 1, 1t has been g1ven the name dark energy. 

One idea 1s a sort of quantum field given the name quintessence. Another 
pOSsIbility suggests an energy latent In space itself (vacuum energy) and relates to 
an aspect of General Relativity known as the cosmological consfanf (symbol A). 
'When Einstein developed his equations, he found that they offered no solutlons 
for a static universe. In those days (1917) it was thought the universe Was statIc—— 
unchanøing and everlasting. Einstein added an arbitrary constant (A) to his 
equations to provide solutions for a sfatic universe. A decade later, when Hubble 
showed us an expanding universe, Eimnstem discarded his cosmological constanf as no 
longer needed (A = 0). But today, measurements are consistent with dark energy 
being due to a nonzero cosmological constant, although further measuremenfts are 
needed to see subtle differences among theorIes. 

There 1s Increasing evidence that the effects of some form of dark energy 
are very real. Observations of the CMB, supernovae, and large-scale structure 
(Section 33—10) apree well with theories and computer models when they Input 
đark energy as providing about 70% of the mass—energy in the universe, and when 
the total mass—energy density equals the critical densIty øạ. 

Today”s best estimate of how the mass—energy In the unIverse 1s distributed 
1S approximately (see also Fig. 33-33): 


70% dark energy 

30% matter, subJect to the known gravifational force. 
Of this 30%, about 
25% 1s dark matter 


5% is baryons (what atoms are made of); of this 5% only ịg is readily 
visible matter—stars and galaxies (that is, 0.5% of the total); the other 
ïg Of ordinary matter, which is not visible, is mainly gaseous plasma. 


It is remarkable that only 0.5% of all the mass—enersy in the universe 1s visible as 
stars and galaxIes. 

The idea that the universe 1s dominated by completely unknown forms of 
matter and energy seems b1zarre. Nonetheless, the ability of our present model 
to precIsely explain observations of the CMB anisoftropy, cosmic expansion, and 
large-scale structure (next Section) presents a compelling case. 


33—10 Large-Scale Structure of the 
Universe 


The beautiful WMAP pictures of the sky (Eig. 33-26) show small but sipnificant 
inhomogeneities in the temperature of the cosmic microwave background (CMB). 
These anisotroples reflect compressions and expansions In the primordial plasma 
Jjust before decoupling (Fig. 33-29), from which galaxies and clusters of galaxIes 
formed. Analyses of the Irregularities in the CMB using mammoth computer 


Normal matter = 5% Stars and galaxIes 


FIGURE 33-33 Portions of total 


mass—enerøsy In the unIiverse 
(approximate). 
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FIGURE 33-34 Distribution of some 
50,000 galaxies In a 2.5” slice through almost 
half of the sky above the equator, as 
measured by the Sloan Digital Sky Survey 
(SDSS). Each dot represents a galaxy. The 
distance from us 1s obtained from the 
redshift and Hubble”s law, and 1s øgiven in 
units of 10 light-years (Gly). The point 0 
representfs us, our observation point. This 
diapram may seem to put us at the cenfer, 
but remember that at greater distances, 
fewer galaxlIes are bripght enouph to be 
detected, thus resulting In an apparent 
thinning out of galaxies. Note the “walls” 
and “voids” of galaxIes. 


0 
(Our Galaxy) 


simulations predict a large-scale distribution of galaxles very similar to what 1s 
seen today (Fig. 33-34). These simulations are very successful If they contain 
dark energy and dark mat(er; and the dark matter needs to be colđd (slow 
speed—think of Eq. 13-8, ÿzz? = ÿškT where 7 is temperature), rather than 
“hot” dark matter such as neutrinos which move at or very near the speed of 
light. Indeed, the modern eosmological model ¡s called the ACDM model, where 
lambda (A) stands for the cosmological constant, and CDM 1s cold dark matfter. 

Cosmologists have gained substantial confidence In this cosmological model 
from such a precise fit between observations and theory. They can also extract 
very precise values for cosmological parameters which previously were only 
known with low accuracy. The CMB 1s such an Important cosmological observ- 
able that every effort 1s being made to extract all of the Information 1t confains. 
A new generation of ground, balloon, and satellite experiments 1s observing the 
CMB with greater resolution and sensitivity. They may detect Interaction of 
gravify waves (produced In the inflationary epoch) with the CMB and thereby 
provide direct evidence for cosmrc Inflation, and also provide Information about 
elementary particle physics at energies far beyond the reach of man-made 
accelerators and colliders. 


33-Il] Finally... 


'When we look up into the night sky, we see stars; and with the best telescopes, we 
see galaxies and the exotic obJects we discussed earlier, including rare supernovae. 
But even with our best Instruments we do not see the processes goïng on Iinside 
stars and supernovae that we hypothesized (and believe). We are dependent on 
brilliant theorists who come up with viable theories and verifiable models. We 
depend on complicated computer models whose parameters are varied until the 
oufputs compare favorably with our observations and analyses of WMAP and 
other experiments. And we now have a surprisinply precise Idea about some 
aspectfs of our universe: 1t 1s flat, 1t 1s about 14 billion years old, 1t contains only 
5% “normal” baryonic matter (for atoms), and so on. 

The questions raised by cosmolosy are difficult and profound, and may seem 
removed from everyday “reality.” We can always say, “the Sun 1s shining, 1s 
going to shine on for an unimaginably long time, all is well”” NÑonetheless, the 
questions of cosmology are deep ones that fascinate the human Intellect. One 
aspect that 1s especially Intriguing 1s this: calculatlons on the formation and 
evolution of the universe have been performed that deliberately varied the 
values—just sliphtly——of certain fundamental physical constants. The result? 


978 CHAPTER33 Astrophysics and Cosmology 


A universe in which life as we know 1t could not exist. [For example, 1ƒ the difference 
1n mass between a proton and a neutron were zero, or less than the mass of 
the electron, 0.511 MeV/c?, there would be no atoms: electrons would be 
captured by protons to make neutrons.] Such results have contributed to a 
philosophical idea called the anthropic principle, which says that 1Ÿ the universe 
were even a little different than 1t 1s, we could not be here. We physicIsts are 
tryng to fnd out 1ƒ there are some undiscovered fundamental laws that 
determined those conditions that allowed us to exist. A poet mipht say that the 
UnIVerse 1s exquisitely tuned, almost as 1Ÿ to accommodate us. 


 Summary 


The night sky contains myriads of stars Including those In the 
Milky Way, which 1s a “side view” of our Galaxy looking along 
the plane of the disk. Our Galaxy includes over 10!! stars. 
Beyond our Galaxy are billions of other galaxIes. 

Astronomical distances are measured in lighf-years 
(1ly ~ 101km). The nearest star is about 4ly away and the 
nearest large galaxy 1s 2 million ly away. Qur Galactic disk has 
a điameter of about 100,000 ly. [Distances are sometimes speci- 
fied in parsecs, where 1 parsec = 3.26 ly. | 

Stars are believed to begin life as collapsing masses Of gas 
(protostars), largely hydrogen. As they contract, they heat up 
(potential energy 1s transformed to kinetic energy). When the 
temperature reaches about 10 million degrees, nuclear fusion 
begins and forms heavier elements (nueleosynthesis), mainly 
helium at first. The energy released during these reactions 
heats the øas so Ifs outward pressure balances the Inward grav- 
1tational force, and the young star s(abilizes as a main-sequence 
star. The tremendous luminosity of stars comes from the energy 
released during these thermonuclear reactions. After billions 
Of years, as helium 1s collected in the core and hydrogen is used 
up, the core conftracts and heats further. The outer envelope 
expands and cools, and the star becomes a red giant (larger 
diameter, redder color). 

The next stage of stellar evolution depends on the mass of 
the star, which may have lost much of Ifs original mass as IfS 
outer envelope escaped Into space. Stars of residual mass less 
than about 1.4 solar masses cool further and become whife 
dwarfs, eventually fading and going out altogether. Heavier 
stars contract further due to their greater gravity: the density 
approaches nuclear density, the huge pressure forces electrons 
to combine with protons to form neutrons, and the star becomes 
essentially a huge nucleus of neutrons. This 1s a neufron star, 
and the energy released during 1ts final core collapse 1s believed 
to produce supernova explosions. If the star 1s very massive, 1{ 
may contract even further and form a black hole, which 1s so 
dense that no matter or light can escape from 1. 

In the general theory of relafivity, the equivalence principle 
states that an observer cannot distinguish acceleration from a 
gravitational field. Said another way, øravitational and inertial 
masses are the same. The theory predicts øravitational bending 
of light rays to a degree consistent with experiment. Gravity 
1S treated as a curvature In space and time, the curvature being 
øreater near massive objects. The universe as a whole may be 
curved. With sufficlent mass, the curvature of the universe 
would be positive, and the universe 1s c/osed and ƒiníe; other- 
wWise, 1t would be øpen and ¡mfimie. Today we belleve the 
universe 1s fat. 

Distant galaxies display a redshift in their spectral lines, 
oripinally ¡interpreted as a Doppler shift. The universe 1s 


observed to be expanding, 1s galaxies racing away from each 
other at speeds (2) proportional to the distance (đ) between 
them: 


òù = Hụả, (33-4) 


which is known as Hubble?s law (Hạ is the Hubble parameter). 
This expansion of the universe sugøests an explosIve origin, 
the Big Bang, which occurred about 13.8 billion years ago. If 1s 
not like an ordinary explosion, but rather an expansion of 
space 1fself. 

The cosmological principle assumes that the universe, on 
a large scale, 1s homogeneous and IsotropIc. 

Important evidence for the Big Bang model of the universe 
was the discovery of the cosmic microwave background radia- 
tion (CMB), which conforms to a blackbody radiation curve at 
a temperature of 2.725 K. 

The Standard Model of the Big Bang provides a possible 
scenario as to how the universe developed as it expanded and 
cooled after the Big Bang. Starting at 10 Ở seconds after the 
Big Bang, according to this model, the universe underwent a 
brief but rapid exponential expansion, referred to as inflafion. 
Shortly thereafter, quarks were confñned ¡n(o hadrons 
(the hadron era). About 10 s after the Big Bang, the majority 
of hadrons disappeared, having combined with anti-hadrons, 
producing photons, leptons, and energy, leaving mainly photons 
and leptons to freely move, thus introducing the lepton era. 
By the time the universe was about 10s old, the electrons too 
had mostly disappeared, having combined with therr antiparticles; 
the universe was radiafion-dominated. A couple of minutes 
later, nucleosynthesis began, but lasted only a few minutes. It 
then took almost four hundred thousand years before the uni- 
Verse was cool enouph for electrons to combine with nuclel to 
form atoms (recombinafion). Photons, up to then continually 
being scattered off of free electrons, could now move freely—— 
they were đecoupled from matter and the universe became 
transparent. The background radiation had expanded and 
cooled so much that its total energy became less than the 
energy in matter, and mat(er dominatfed increasingly over 
radiation. Then sfars and galaxies formed, producing a unIverse 
not much different than 1t 1s today——some 14 billion years later. 

Recent observations indicate that the universe 1s essentially 
Ẩlat, that It contains an as-yet unknown type of dark matter, 
and that it is dominated by a mysterious dark energy which 
©XerfS a SOTt OŸ negafive øravity causing the expansion of the 
universe to accelerate. The total contributions of baryonic 
(normal) matter, dark matter, and dark energy sum up to the 
critical densify. 
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 Questions 


1. 


10. 


The Milky Way was once thought to be “murky” or “milky” 
but is now considered to be made up oŸ point sources. 
Explain. 


„ A sfar 1s In equilibrium when it radiates at 1(s surface all 


the energy generated ïn 1s core. What happens when 1t 
begins to øenerate more energy than It radiates? Less 
energy? Explain. 


‹Ổ Describe a red giant star. List some OŸ I(s prOpertIes. 
- Does the H—R diagram directly reveal anything about the 


core Of a star? 


. Why do some sftars end up as white dwarfs, and others as 


neutron stars or black holes? 


‹ lÝ you were measuring star parallaxes from the Moon 


Instead of Earth, what corrections would you have to 
make? What changes would occur 1Ý you were measuring 
parallaxes from Mars? 


„ Cepheid 0ariable stars change 1n luminosity with a typical 


period of several days. The period has been found to have 
a definite relationship with the average Intrinsic luminosity 
of the star. How could these stars be used to measure the 
distance to galaxies? 


- What1s a geodesic? What 1s 1s role in General Relativity? 
. If it were điscovered that the redshift of spectral lines of 


galaxles was due to something other than expansion, how 
mipht our view of the universe change? Would there be 
conflicting evidence? Discuss. 

Almost all galaxles appear to be moving away from us. 
Are we therefore at the center of the universe? Explain. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


TỶ you were located In a galaxy near the boundary of our 
observable universe, would øalaxies in the direction of the 
Milky Way appear to be approaching you or receding from 
you? Explain. 

Compare an explosion on Earth to the Big Bang. Consider 
such questions as: Would the debris spread at a higher 
speed for more distant particles, as in the Big Bang? 
Would the debris come to rest? What type of universe 
would this correspond to, open or closed? 

T nothing, not even lipht, escapes from a black hole, then 
how can we tell 1ƒ one 1s there? 

The Earth”s age 1s often given as about 4.6 billion years. 
Find that time on Hg. 33-29. Modern humans have lived 
on Earth on the order of 200,000 years. Where 1s that on 
Fig. 33-29? 

'Why were atoms, as opposed to bare nuclel, unable to exIst 
until hundreds of thousands of years after the Big Bang? 
(a) Why are Type la supernovae so useful for determining the 
distances of galaxies? (b) How are their distances actually 
measured? 

Ủnder what circumstances would the universe eventually 
collapse In on ifself? 

(a) Why did astronomers expect that the expansion rate of 
the universe would be decreasing (deceleratine) with time? 
(b) How, ¡in principle, could astronomers hope to deter- 
mine whether the universe used to expand faster than 1t does 
now? 


 MisConceptual Questions 


1. 


'Which one of the following 1s ø/ expected to occur on an 

H—R diagram during the lifetime of a single star? 

(a) The star will move off the main sequence toward the 
upper ripht of the diagram. 

(b) Low-mass stars will become white dwarfs and end up 
toward the lower left of the điagram. 

(c) The star will move along the main sequence from one 
place to another. 

(đ) AI of the above. 


„  When can parallax be used to determine the approximate 


đdistance from the Earth to a star? 

(a) Only during January and July. 

(b) Only when the star”s distance 1s relatively small. 

(c) Only when the star's distance 1s relatively large. 

(đ) Only when the star appears to move directly toward 
or away from the Earth. 

(e) Only when the star is the Sun. 

(#) Always. 

(g) Never. 


„ Observations show that all galaxies tend to move away from 


Earth, and that more distant galaxies move away from Earth 
at faster velocitiles than do galaxies closer to the Earth. 
These observations imply that 

(a) the Earth 1s the center of the universe. 

(5) the universe 1s expanding. 

(c) the expansion of the universe wiÏl eventually stop. 

(đ) AlI of the above. 
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4. 


Which process results In a tremendous amount of energy 

being emitted by the Sun? 

(a) Hydrogen atoms burn in the presence of oxyeen— 
that is, hydrogen atoms oxIdize. 

(b5) The Sun confracts, decreasing 1s øravitational 
poftential energy. 

(c) Protons in hydrogen atoms fuse, forming helium nuclel. 

(đ) Radioactive atoms such as uranium, plutonium, and 
cesium emit samma rays with high energy. 

(£) None of the above. 

Which of the following methods can be used to find the 

distance from us to a star outside our galaxy? Choose all 

that apply. 

(a) Parallax. 

(b) Using luminosity and temperature from the H—R 
điapram and measuring the apparent brightness. 

(c) Using supernova explosions as a “standard candle.” 

(đ) Redshift in the line spectra of elemenfs and compounds. 

The history of the universe can be determined by observing 

astronomical objects at various (large) distances from the 

Earth. This method of discovery works because 

(a) time proceeds at different rates in different regions of 
the unIverse. 

(B) light travels at a finite speed. 

(c) matter Warps space. 

(đ) older galaxies are farther from the Earth than are 
younger galaxIes. 


7. Where did the Big Bang occur? 


For assigned homework and other learning materials, go to the MasteringPhysics website. 


(a) Near the Earth. 

(b) Near the center of the Milky Way Galaxy. 
(c) Several billion light-years away. 

(đ) Throughout all space. 

(e) Near the Andromeda Galaxy. 


. When and how were virtually all of the elements of the 


Periodic Table formed? 

(2) In the very early universe a few seconds after the Big 
Bang. 

(b) At the centers of stars during their main-sequence phases. 

(c) At the centers of stars during novae. 

(đ) At the centers of stars during supernovae. 

(e) On the surfaces of planets as they cooled and hardened. 


9. 


10. 


We know that there must be dark matter in the universe 

because 

(4) we see dark dust clouds. 

(b) we see that the universe is expanding. 

(c) we see that stars far from the galactic center are 
moving faster than can be explained by visible matter. 

(đ) we see that the expansion of the universe is accelerating. 

Acceleration of the universe”s expansion rafe 1s due to 

(a) the repulsive effect of dark energy. 

() the attractive effect of dark matter. 

(c) the attractive effect of pravity. 

(đ) the thermal expansion of stellar cores. 


(wPj 


| Problems 


33-1 to 33-3 Stars, Galaxies, Stellar Evolution, 


Distances 


Í. (1) The parallax angle of a star is 0.00029°. How far away 1s 


2. 


the star? 

(DA star exhibits a parallax of 0.27 seconds of arc. How 
far away 1s 12 

(D Ifone star 1s twice as far away from us as a second star, 
wIll the parallax angle of the farther star be greater or less 
than that of the nearer star? By what factor? 

(I What ¡s the relative briphtness of the Sun as seen from 
Jupiter, as compared to 1(s brightness from Earth? (Jupiter 
1s 5.2 times farther from the Sun than the Earth 1s.) 


. (H) When our Sun becomes a red giant, what will be Its 


10. 


*11 


*#12 


#13 


average density 1Ÿ it expands out to the orbit of Mercury 
(6 < 10!°m from the Sun)? 

(I) We saw earlier (Chapter 14) that the rate energy 
reaches the Earth from the Sun (the “solar constanf”) 1s 
about 1.3 x 10? W/m?. What is (2) the apparent bright- 
ness Ð of the Sun, and () the Intrinsic luminosity L of the 
Sun? 

(H) Estimate the angular width that our Galaxy would 
subtend If observed from the nearest galaxy fo us 
(Table 33—1). Compare to the angular width of the Moon 
Irom Earth. 

(H) Assuming our Galaxy represenfts a good average for 
all other galaxies, how many sfars are in the observable 
unIverse? 

(H) Calculate the density of a white dwarf whose mass 1s 
equal to the Sun”s and whose radius is equal to the Earths. 
How many times larger than Earth's density 1s this? 

(H) A neutron star whose mass 1s 1.5 solar masses has a 
radius of about 11km. Calculate is average density and 
compare to that for a white dwarf (Problem 9) and to that 
of nuclear matter. 

(I) A star is 56 pc away. What is its parallax anple? Sftate 
(2) in seconds of arc, and () in degrees. 

(TT) What ïs the parallax angle for a star that is 65 ly away? 
How many parsecs 1s this? 

(HT) A star is 85 pc away. How long does 1t take for its light 
to reach us? 


14. 


15. 


(HT) Suppose two stars of the same apparent briphtness b 
are also believed to be the same s1ze. The spectrum of one 
star peaks at 750nm whereas that of the other peaks at 
450 nm. Use Wlen”s law and the Stefan-Boltzmamn equation 
(Eq. 14-6) to estimate their relative distances from us. 
[Himr: See Examples 33—4 and 33—5.] 

(HH) Stars located in a certain cluster are assumed to be 
about the same distance from us. TWwo such stars have spec- 
tra that peak at À¡ = 470nm and À; = 720nm, and the 
rato of ther apparent brightness is P;/bạ = 0.091. 
Estimate their relative s1zes (give ratio of their diameters) 
using Wiens law and the Stefan-Boltzmann equation, 
Eq. 14-6. 


33-4 General Relativity, Gravity and Curved Space 


16. 
17. 


18. 


19. 


20. 


21. 


(0 Show that the Schwarzschild radius for Earth 1s 8.9 mm. 
(I) What ¡s the Schwarzschild radius for a typical galaxy 
(like ours)? 

(II What mass will give a Schwarzschild radius equal to 
that of the hydrogen atom In Ifs øround state? 

(IH) What is the maximum sum-of-the-angles for a triangle 
on a sphere? 

(IH) Describe a triangle, drawn on the surface of a sphere, 
for which the sum of the angles is (2) 359°, and (b) 179°. 
(HI) What ¡s the apparent deflection of a light beam In an 
elevator (Fig. 33-13) which ¡s 2.4m wide If the eleVafOT 1s 
accelerating downward at 9.8 m/s”? 


33-5 Redshift, Hubble's Law 


22. 


23. 


24. 


25. 


(1) The redshift of a galaxy indicates a recession velocity of 
1850 km/s. How far away Is it? 

( H a galaxy 1s traveling away from us at 1.5% of the 
specd of lipht, roughly how far away Is 1? 

(HI)A galaxy is moving away from Earth. The “blue” hydro- 
gen line at 434 nm emitted from the galaxy 1s measured on 
Earth to be 455 nm. (ø) How fast is the galaxy moving? 
(5) How far is it from Earth based on Hubble”s law? 

(IH) Estimate the wavelensth shift for the 656.3-nm line in 
the Balmer series of hydrogen emitted from a galaxy whose 
đistance from us is () 7.0 < 10Êly, (b) 7.0 < 107 ly. 


981 


Problems 


26. 


21. 
28. 


29. 


30. 


31. 


32. 


33 


33. 


34. 


(II) If an absorption line of calcium 1s normally found at a 
wavelength of 393.4 nm In a laboratory øas, and you measure 
1t to be at 423.4 nm In the spectrum of a galaxy, what 1s the 
approximate distance to the galaxy? 

(T) What ¡s the speed of a galaxy with z = 0.0602 


(II) What would be the redshift parameter z for a galaxy 
traveling away from us at ø = 0.075c? 

(II) Estimate the distance đ from the Earth to a galaxy 
whose redshift parameter z = l. 

(H) Estimate the speed of a galaxy, and its distance from us, 
1ƒ the wavelength for the hydrogen line at 434 nm 1s meas- 
ured on Earth as being 610 nm. 

(II Radiotelescopes are designed to observe 2l-cm waves 
emitted by atomic hydrogen gas. A signal from a distant 
radio-emitting galaxy 1s found to have a wavelength that 1s 
0.10cm longer than the normal 21-cm wavelength. Esti- 
mate the distance to this galaxy. 

(HI) Starting from Eq. 33-3, show that the Doppler shift in 
wavelength is AA/A;ss # 0/c (Eq. 33-6) for 0 << c. 
[Himi: Use the binomial expansion.] 


6 to 33-8 The Big Bang, CMB, Universe 
Expansion 

(D Calculate the wavelensth at the peak of the blackbody 

radiation distribution at 2.7 K using Wilen's law. 

(I) Calculate the peak wavelength of the CMB at 1.0s 

after the birth of the universe. In what part of the EM 

spectrum 1s this radiatlon? 


35. 


36. 


37. 


(H) The critical density for closure of the universe 1s 
øc % 107?° kg/m. State ø„ in terms of the average number 
of nucleons per cubic meter. 


(H) The scale factor of the universe (average distance 
between øgalaxies) at any given time ¡s believed to have 
been Inversely proportional to the absolute temperature. 
Estimate the size of the universe, compared to today, 
at (a) f£= 106yr, (b) f= 1s, (c) f= 10s, and 
(4£ = 10s. 


(H) At approximately what time had the universe cooled 
below the threshold temperature for producing (2) kaons 
(M ~ 500MeV/c?), (b) Y(M + 9500MeV/c?), and 
(c) muons (M 100 MeV/c?)? 


33-9 Dark Matter, Dark Energy 


38. 


(I) Only about 5% of the energy In the universe 1s 
composed of baryonic matter. (z) Estimate the average 
density of baryonic matter In the observable universe with 
a radius of 14 billion light-years that contains 10!! galaxies, 
each with about 10!! stars like our Sun. (b) Estimate the 
density of dark matter in the universe. 


 General Problems 


39. 


40. 


4I. 


se conservation of angular momentum to estimate the 
angular velocity of a neutron star which has collapsed to a 
diameter of 16 km, from a star whose core radius was equal 
to that of Earth (6 108 m). Assume I1fs mass Is 1.5 times 
that of the Sun, and that it rotated (Iike our Sun) about once 
a month. 

By what factor does the rotational kinetic energy change 
when the star in Problem 39 collapses to a neutron star? 
Suppose that three main-sequence stars could undergo the 
three changes represented by the three arrows, A, B, and C, 
1n the H-R diagram of Hig. 33-35. For each case, describe 
the changes In temperature, Intrinsic luminosity, and s1ze. 


Intrinsic luminosIty 


Surface temperature 
— 


FIGURE 33-35 Problem 41. 
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42. 


43. 


45. 


4ó. 


4. 


Assume that the nearest stars to us have an Infrinsic 
luminosity about the same as the Sun. Their apparent 
briphtness, however, 1s about 10!! times fainter than the 
Sun. From this, estimate the distance to the nearest stars. 


A certain pulsar, believed to be a neutron star of mass 
1.5 times that of the Sun, with diameter 16 km, 1s observed 
to have a rofation speed of 1.0rev/s. If ït loses rotational 
kinetie energy at the rate of 1 part in 102 per day, which is 
all transformed Into radiation, what 1s the power output of 
the star? 


The nearest large galaxy to our Galaxy is about 2 < 106ly 
away. If both galaxies have a mass of 4 < 10”! kg, with 
what gravitational force does each galaxy attract the other? 
Ignore dark matter. 


How large would the Sun be 1Ÿ i(s density equaled the cr1ti- 
cal đensity of the universe, ø¿ 107? kg/mỶ? Express your 
answer In light-years and compare with the Earth-Sun 
distance and the diameter of our Galaxy. 


Two stars, whose spectra peak at 660nm and 480nm, 
respectively, both lie on the main sequence. se Wlen”s 
law, the Stefan-Boltzmann equation, and the H—R diapram 
(Eig. 33—6) to estimate the ratio of their diameters. 


(4) In order to measure distances with parallax at 100 ly, 
what minimum angular resolution (in degrees) is needed? 
(5) What diameter mirror or lens would be needed? 


48. (a) What temperature would correspond to 14-TeV colli- 


49 


50. 


sions at the LHC? (b5) To what era in cosmological history 
does this correspond? [Himr: See Fig. 33—29.] 
In the later stages of stellar evolution, a star (1Ý massive 
enouph) wIll begin fusing carbon nuclei to form, for 
example, magnesium: 

lẶC + lC —> 12Mg + 7. 
(z) How much energy 1s released in this reaction (see 
Appendix B)? (5) How much kinetic energy must each 
carbon nucleus have (assume equal) in a head-on collision 
1ƒ they are just to “touch” (use Eq. 30-1) so that the strong 
force can come into play? (c) What temperature does this 
kinetic energy correspond to? 
Consider the reaction 

!$O + !§O —;> {Si + 4He, 


and answer the same questions as in Problem 49. 


31. 


S 


Use dimensional analysis with the fundamental constants 
c, Œ, and ñ to estimate the value of the so-called Planck time. 
It is thought that physics as we know It can say nothing 
about the universe before this time. 


Estimate the mass of our observable universe using the 
following assumptions: Ôur universe 1s spherical in shape, 
1t has been expanding at the speed of light since the Big 
Bang, and its density 1s the critical densIty. 
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Estimate what neutrino mass (in eV/c”) would provide the 
critical density to close the universe. Assume the neutrino 
density is, like photons, about 107 times that of nucleons, 
and that nucleons make up only (z) 2% of the mass 
needed, or (5) 5% of the mass needed. 


‹ Describe how we can estimate the distance from us to other 


stars. Which methods can we use for nearby stars, and which 
can we use for very distant stars? Which method gives the 
most accurate distance measurements for the most distant 
stars? 


The evolution of stars, as discussed in Section 33-2, can 
lead to a white dwarf, a neutron star, or even a black hole, 
depending on the mass. (z) Referring to Sections 33—2 and 
33-4, give the radius of (ï) a white dwarf of 1 solar mass, 
(1) a neutron star of 1.5 solar masses, and (11) a black hole 
of 3 solar masses. (b) Express these three radii as ratios 


(Tị:Hị: ii): 


. (ø) Describe some of the evidence that the universe began 


with a “Big Bang.” (b) How does the curvature of the uni- 
verse affect its future destiny? (c) How does dark energy 
affect the possible future of the universe? 


ANSWERS TO EXERCISES 


A: Our Earth and ourselves, 2 years ago. 
B: 600 ly (esimating L from Eig. 33-6 as L ~ 8 x 109W; 


nofe that on a log scale, 6000 K 1s closer to 7000 K than 1t 
1s to 5000 K). 


` 


'When stable nuclei first formed, about 3 minutes after the 
Big Bang, there were about 7times more protons than 
neutrons. Explain how this leads to a ratio of the mass of 
hydrogen to the mass of helium of 3:1. This 1s about the 
actual ratio observed in the unIverse. 


. Explain what the 2./7-K cosmic microwave background 


radiation 1s. Where does It come from? Why 1s Its tempera- 
ture now so low? 


. We cannot use Hubble”s law to measure the đistances to 


nearby galaxies, because their random motions are larger 
than the overall expansion. Indeed, the closest galaxy to 
us, the Andromeda Galaxy, 2.5 million light-years away, 1s 
approaching us at a speed of about 130 km/s. (2) What is 
the shift in wavelength of the 656-nm line of hydrogen 
emitted from the Andromeda Galaxy, as seen by us? () Is 
this a redshift or a blueshift? (c) Ignoring the expansion, 
how soon wIll it and the Milky Way Galaxy collide? 


€: 30 km. 
D: (2); not the usual RŸ, but : see formula for the 


Schwarzschild radius. 


E: (©): (4). 
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Mathematical Review 


A—1 Relationships, Proportionality, 
and Equations 


One of the Important aspects of physics 1s the search for relationships between 
different quantitles—that 1s, determining how one quanfity affects another. 

As a simple example, the ancients found that 1ƒ one circle has twice the 
điameter of a second circle, the first also has twice the cireumference. If the 
diameter 1s three times as large, the circumference 1s also three times as large. In 
other words, an Increase In the diameter results In a proportional increase 1n the 
circumference. We say that the circumference 1s direcfly proporfional to the 
diameter. This can be wriften in symbols as Œ œ« D, where “oœc” means “1s 
proportional to,” and C and ?D) refer to the circumference and diameter of a circle, 
respecfively. The next step 1s to change this proportionality to an equation, 
which will make 1t possible to link the two quantifties numerically. This means 
1nserfing a proportionality constant, which in many cases 1s determined by meas- 
urement. The ancienfs found that the ratio of the circumference to the diameter 
of any circle was 3.1416 (to keep only the first few decimal places). This number 
1s desipnated by the Greek letter zr. It 1s the constant of proportionality for the 
relatonship € œ D. To obtain an equation, we Insert z Iinto the proportion 
and change the œ« to =. Thus, 


ŒC = 7D. 


Other kinds of proportionality occur as well. For example, the area of a 
circle 1s proportional to the square oŸ 1ts radius. That 1s, 1ƒ the radius 1s doubled, 
the area becomes four times as large; and so on. In this case we can wri(e 
A œ rˆ, where A stands for the area and r for the radius of the circle. The 
constant of proportionality is found to be Z again: A = Z7". 

Sometimes two quantifles are related in such a way that an increase in one 
leads to a proportional đecrease In the other. This 1s called inyerse proportion. 
For example, the time required to travel a given distance 1s inversely prOpOT- 
tional to the speed of travel. The greater the speed, the less time 1t takes. We can 


wrife this Inverse prOpOortion as 
time œ 1/speed. 


The larger the denominator of a fraction, the lower the value of the fraction 1s as a 
whole. For example, TÍS less than 3. Thus, 1ƒ the speed 1s doubled, the time 1s halved, 
which 1s what we want to express by this Inverse proportIlonality relationshIp. 

TỶ you suspect that a relationship exIsts between two or more quanfities, you 
can try to determine the precise nature of this relationship by varying one of the 
quantfitles and measuring how the other varies as a result. Sometimes a given 
quantity 1s affected by two or more quanftitles; for instance, the acceleration of an 
obJect 1s related to both 1ts mass and the applied force. In such a case, only one 
quanfify 1s varied at a time, while the others are held constant. 

'When one quantity affects another, we often use the expression is a funcfion of 
to Indicate this dependence; for example, we say that the pressure 1n a tire 1s a 
function of the temperature. 

'Whatever kind of proportion 1s found to hold, it can be changed to an equality 
by fñnding the proper proportionality constant. Quantifative statements or 
predictions about the physical world can then be made with the equation. 


sglN? 


A-1 


A-~2 Exponents 


When we write 10 we mean that you multiply 10 by ¡itself four times: 
10 = 10 x 10 x 10 x 10 = 10,000. The superscript 4 is called an exponenf, and 
10 1s said to be raised to the fourth power. Any number or symbol can be 
raised to a power. Special names are used when the exponent is 2 (4ˆ ïs “ø squared”) 
or 3 (đ” is “a cubed”). For any other power, we say 4” is “z to the th power.” If the 
exponent is 1, it is usually dropped: 4! = a, since no multiplication is involved. 
The rules for multiplying numbers expressed as powers are as follows: first, 


(a"Xa”) = qg1tm. (A-1) 
That 1s, the exponents are added. To see why, consider the result of the multipli- 
cation of 3° by 3!: 

@)6') = (3)(3)3) x @)@)(3)3) = G1)”. 
Here the sum of the exponents 1s 3 + 4 = 7, so rule A-—1 works. Notice that 
this rule works only 1ƒ the base numbers (ø in Eq. A-1) are the same. Thus we 
canno use the rule of summing exponents for (6?)(5”); these numbers would 
have to be written out. However, 1ƒ the base numbers are different but the expo- 
nenfts are the same, we can write a second rule: 

(a"Áb") = (ab)", (A-2) 
For example, (5)(63) = (30) since 


6)(5)G)(6)(6)(6) = ð0)60)(30). 
The third rule involves a power raised to another pOwer: (aŸ means (a3)(4), 


which is equal to a'*3 = 4. The general rule is then 


( 9)/MR TT. si) (A-3) 


In this case, the exponents are multiphed. 
Negative exponenfs are used for reciprocals. Thus, 


and so on. The reason for using negafive exponenfs 1s to allow us to use the 
multiplication rules given above. For example, (z`)(z 3) means 


(4)(2)(4)()(43) _ „ 
(4)(4)(4) Í 
after canceling 3 of the #'s. Rule A—1 g1ves us the same result: 
(a5X(a 3) = `3 = dq. 
What does an exponent of zero mean? That is, what ¡is a” Any number 
raised to the zeroth power 1s defined as being equal to 1: 
ự' = 1 


Thịs defimition 1s used because 1t follows from the rules for adding exponents. 
For example, 


"an ” n an 1. 
But đøes đa Ở actually equal 1? Yes, because 
3 
a 
đa” = —= = 1 


Eractional exponenfs are used to represent røøís. For example, = means the 
square root OŸ 4; thaf 1s, 47 = Xa. Similarly, a5 means the cube root of z, and so 
on. The fourth root of z means that 1ƒ you multiply the fourth root of a by 1tself 
four ftimes, you agaIn get z: 


(a}' = a. 


1 
Thịs 1s consistent with rule A—3 since (a9 


lÍ 
BS 
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A—3 Powers of 10, or Exponential Notation 


Writing out very large and very small numbers such as the distance of Neptune 
from the Sun, 4,500,000,000km, or the diameter of a typical atom, 
0.00000001 em, 1s inconvenient and prone to error. It also leaves in question (see 
Secton 1-4) the number of significant figures. (How many of the Zeros are 
siønificant in the number 4,500,000,000 km?) 

For these reasons we make use of the “powers of 10,” or exponential nota- 
tion. The distance from Neptune to the Sun ¡s then expressed as 4.50 x 10”km 
(assuming that the value Is sipnificant to three digits), and the diameter of an 
atom 1.0 x 10 Šcm. This way of writing numbers is based on the use of 
exponents, where ø” sipgnifles ø multiplied by itself ø times. For example, 
10 = 10 x 10 x 10 x 10 = 10,000. Thus, 4.50 x 10? = 4.50 x 1,000,000,000 
= 4,500,000,000. Notice that the exponent (9 ¡n this case) 1s just the number of 
places the decimal point 1s moved to the right to obtain the fully writfen-out 
number (4.500,000,000.) 

mm... 


When two numbers are multiplied (or divided), you first multiply (or divide) 

the simple parts and then the powers of 10. Thus, 2.0 < 10 multiplied by 5.5 x 10 

equals (2.0 x 5.5) x (10? x 10!) = 11 x 10”, where we have used the rule for 

adding exponents (Appendix A-~2). Similarly, 8.2 x 10” divided by 2.0 < 10” equals 
8.2 x 10 82 _ 10” 


= x =:.1 1 10 
3.0% 1ữ” 20 1 


For numbers less than 1, say 0.01, the exponent power of 10 is written with a 
negatfive sign (see previous page): 0.01 = 1/100 = 1/10 = 1 x 107. Similarly, 
0.002 = 2 x 103. The decimal point has again been moved the number of places 
expressed In the exponent. For example, 0.020 x 3600 = 72, or in exponential 
notation (2.0 x 10?) x (3.6 x 10) = 7.2 x 10! = 72. 

Notice also that 10! x 10”! = 10 x 0.1 = 1, and by the law of exponents, 
10! x 10”! = 100. Therefore, 100 = 1. 

When writing a number m exponential noftation, 1t is usual to make the simple 
number be between 1 and 10. Thus it is conventional to write 4.5 < 10” rather than 
45 x 10Ẻ, although they are the same number." This notation also allows the number 
Of sigmificant figures to be clearly expressed. We write 4.50 x 10” if this value is 
accurate to three significant figures, but 4.5 < 107 ïfit 
1S accurate to only two. 


A-4 Algebra 


Physical relationships between quantities can be represented as equaflons 
involving symbols (usually letters of the Greek or Roman alphabet) that repre- 
sent the quantitles. The manipulation of such equations 1s the field of algebra, 
and 1t 1s used a great deal in physics. An equation 1nvolves an equals sign, which 
tells us that the quantifies on either side of the equals sign have the same value. 
Examples of equations are 


3+8 = 11 
2x+ 7 = 15 
ab+c = 6. 


The first equation 1nvolves only numbers, so 1s called an arithmetic equation. The 
other two equations are algebralc since they Involve symbols. In the third equa- 
tion, the quantity a“b means the product of z times ø times b: 4 'b = a X a X b. 


?Another convention used, particularly with computers, is that the simple number be between 0.1 
and 1. Thus we could write 4,500,000,000 as 0.450 < 1019. This is slightly less compact. 
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Solving for an Unknown 
Often we wish to solve for one (or more) symbols, and we treaf i( as an 
unknoun. For example, In the equatlon 2x + 7 = 15, x Is the unknown; this 
equation Is true, however, only when x = 4. Determining what value (or 
values) the unknown can have to satisfy the equation is called soluing the 
equafion. To solve an equation, the following rule can be used: 
An cquation will remain true 1ƒ any operation performed on one side is also 
performed on the other side. For example: (a) addition or subtraction of a 
number or symbol; (b) multiplication or division by a number or symbol; 
(c) raising each side of the equation to the same power, or taking the same 
root (such as square root). 


Solve for x in the equation 

2x +7 = l5. 
APPROACH We perform the same operations on both sides of the equation 
to 1solate x as the only variable on the left side of the equals sign. 
SOLUTION We first subtract 7 from both sides: 

2*# +7 =7 = 15 =7 


OT 
2x = 8. 

Then we divide both sides by 2 to get 
2x _ 8 
#5. 

Or, carrying out the divisions, 
x= 4, 

and this solves the equation. 


EXAMPLE A-2 | (ø) Solve the equation 
đa 2b +c = 24 
for the unknown z in terms of b and c. (5) Solve for ø assuming that b = 2 
and c = 6. 
APPROACH We perform operations to Isolate ø as the only variable on the 
left side of the equals sign. 


SOLUTION (a) We are trying to solve for ø, so we first subtract c from 
both sides: 


a'b = 24 -— c, 
then divide by b: 
24—ec 
2 = , 
` b 


and ñnally take square roofs: 


— 4= 
“TY p 


(b) IÝÍ we are given that b = 2 and c = 6, then 


24—6 
q = = 
2 
But this 1s not the only answer. Whenever we take a square root, the number 
can be either positive or negafive. Thus a= —3 1s also a solution. Why? 


Because (—3)7 = 9, just as (+3)”= 9. So we actually get two solutions: 
qa = +3 and a= -3. 


NOTE  When an unknown appears squared In an equation, there are generally 
two solutions for that unknown. 
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To check a solution, we put it back into the oripinal equation (this 1s really 
a check that we did all the manipulations correctly). In the equation 


a'b+c = 24, 
we putin a = 3, b= 2, c=6 andfind 
Y2) + (6) “ 24 
24 = 24, 


li» 


which checks. 


EXERCISEA Put z= —-3 ¡nto the cquation of Example A-2 and show that it 
WOrks toO. 


Two or More Unknowns 


lỶ we have two or more unknowns, one equation 1s not sufficient to find them. 
In general, 1ƒ there are  unknowns,  Iindependent equafions are needed. For 
example, 1Ÿ there are two unknowns, we need two equations. If the unknowns 
are called x and y, a typical procedure 1s to solve one equation for x 1n terms OÝ y, 
and subsfitute this Into the second equation. 


EXAMPLE A-3 | Solve the following parr of equations for x and y: 
3x — 2y = 19 
x+4y = —3. 


APPROACH We have two unknowns and two equations; we can start by 
solving the second equation for x In terms of y. Then we subsfitute this result 
for x Into the first equation. 
SOLUTION_We subtract 4y from both sides of the second equation: 

x = —3- 4y. 
W©e substitute this expression for x 1nto the first equation, and simphfy: 

3(—3 — 4y) — 2y = 19 

9 — 12y — 2y = 19 (carried out the multiplication by 3) 
—14y = 28 (added9to both sides) 


y = -~2. (divided both sides by —14) 
Now that we know y = —2, we substitute this Into the expression for x: 
x = -=3- 4y 
3 — 4(-2) = -3+8§=5. 
Our solutlon1s x = 5, y = —2. We check this solution by putting these values 
back Into the original equations: 
3x— 2y ®* 19 
3(5) - 2(—2) #Š 19 
15 +4 * 19 
19 = 19_ (iichecks) 
and 
x+áy Ê° -3 
5+4(—-2) * -3 
=3 = =3, (it checks) 


Other methods for solving two or more equations, such as the method of 
determinants, can be found In an algebra textbook. 
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The Quadratic Formula 

We sometimes encounter equafions that involve an unknown, say x, that appears 
not only to the first power, but squared as well. Such a quadrafic equafion can 
be wriften In the general form 


ax?) +bx+c = Ú. 


The quantities a, b, and c are typically numbers or consfants that are given.” The 
general solutions to such an equation are given by the quadratic formula: 


—b + - 4 
= = (A-4) 
q 


The + sign Indicates that there are two solutions for x: one where the plus sign 
1S used, the other where the minus sign 1s used. 


EXAMPLE A-4 | Find the solutions for x in the equation 
3x? — 5x = 2. 


APPROACH Here x appears both to the first power and squared, so we use 
the quadratic equation. 


SOLUTION First we write this equation ïn the standard form 
ax? + bx+c = 0Ö 

by subtracting 2 from both sides: 
3x?—5x—2 = 0. 


In this case, ø, b, and cIn the standard formula take the values a = 3, b = —5, 
and c = —2. The two solutions for x are, using Eq. A-4, 
+5 + V25 - 4)(3)(=2) _ 5+7 _ „ 
x = — 
(2)(3) 6 
and 
+5 = V25 - (49)@)(-2) _ 5~7 
= = = : 
(2)(3) 6 3 
In this Example, the two solutions are x = 2 and x= —y. In physics 


problems, 1t sometimes happens that only one of the solutions corresponds to a 
real-life situation; 1n this case, the other solution 1s discarded. In other cases, 
both solutions may correspond to physical reality. 

Notice, incidentally, that b“ must be greater than 4ac, so that 4b — 4ac 
yields a real number. If (bŸ — 4ac) is less than zero (negative), there is no real 
solution. The square root OŸ a negative number 1s called imaginary. 

A second-order equation——one 1n which the highest power of x 1s 2—has twO 
solutions; a third-order equation——involving x”—has three solutions; and so on. 


A-5 The Binomial Expansion 


Sometimes we end up with a quantity of the form (1 + x)”. That ¡s, the quantity 
(1 + x) 1s raised to the th power. This can be written as an infnite sum of 
terms known as the binomial expansion: 

n{ín — T1) 


(1+ x)" = 1+ mx+——T———xÍ+ (A-5) 


This formula 1s useful for us mainly when x 1s very small compared to one 
(x << 1). In this case, each successive term Is much smaller than the preceding 


?Or one or more of them could be variables, in which case additional equations are needed. 
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term. For example, let x = 0.01, and ø =2. Then whereas the fñirst term 
equals 1, the second term is ø#x = (2)(0.01) = 0.02, and the third term ¡s 
[(2)(1)/2](0.01)? = 0.0001, and so on. Thus, when x is small, we can ignore all 
but the first two (or three) terms and can wrifte 

(1+ x)" x 1+ mx. (A-6) 
This approximation often allows us to solve an equation easily that otherwise 
might be very difficult. Some examples of the binomial expansion are 


(1+x} x 1+2z, 


—-.... 
VĩÍ+x = (1+x}x~1+}x 
: = (1+x)? x~ l-šw, 
l+x 


where x << 1. 
As a numerical example, let us evaluate 4⁄1.02 using the binomial expan- 
sion since x = 0.02 1s much smaller than 1: 


V102 = (1022 = (1+ 002 x 1+‡(002) = 101. 


You can check with a calculator (and maybe not even more quickly) that 


1.02 + 1.01. 


A-6 Plane Geometry _—_—” 


We review here a number of theorems Involving angles and triangles that are 
useful in physics. FIGURE A-1 


1. Equal angles. Two angles are equal 1ƒ any of the following conditions are frue: KIEEiRe 
(a) They are vertical anples (Fig. A-1); or 6 
(b) the left side of one 1s parallel to the left side of the other, and the ripht ị 
side of one is parallel to the right side of the other (Eig. A-2; the left and 9 
ripht sides are as seen from the vertex, where the two sides meet); ør 
(c) the left side of one is perpendicular to the left side of the other, and the 


ripht sides are likewise perpendicular (Eig. A-3). PEBINSEEEre ý 
Right 
` / 
2. The sum oƒthe angles In any plane triangle 1s 180”. be c 
3. Similar (riangles. Two triangles are said to be similar 1f all three of their Z 
anples are equal (mn Fig. A-4, 60¡ = ở¡, Ø; = ở;, and 6; = d:). Similar 
triangles thus have the same basic shape but may be different sizes and 
; ; : ÔN: R Right 
have different orientations. Two useful theorems about similar triangles are: _ angle_ 
(a) Two trianples are similar If any two of their angles are equal. (This 
follows because the third angles must also be equal since the sum of the 
anples of a triangle 1s 180°.) 
(b) The ratios Of corresponding sides of two similar triangles are equal. That FIGURE A-4 
1s (Fig.A-4), 
ch 2U 
bộ bị bị 


4. Congruent triangles. TWwo triangles are conpruent If one can be placed 
precisely on top of the other. That 1s, they are similar triangles and they have 
the same s1ze. TWwo triangles are congruent 1 any of the following holds: 
(z) The three corresponding sides are equal. 

(b) Two sides and the enclosed angle are equal (*side-anple-side”). 
(c) Two angples and the enclosed side are equal (“angle-side-angle”). 


Óa bị 
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FIGURE A-5 


FIGURE A-6 


OPP 
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FIGURE A-7 
First Quadrant Second Quadrant 
(0° to 909) (90° to 1809) 
x>0 x<0 
y>0 y>0 
lẾ HÀ NV 
sin Ø=y/r>0 sinØ >0 
cos Ø8 =x/r>0 cos Ø<0 
tan 8= y/x#>0 tan Ø8<0 
Third Quadrant Fourth Quadrant 
(180° to 270°) (270” to 3609) 
x<0 x>0 
y<0 y<0 
sinØ<0 sinØ <0 
cos Ø<0 cosØ >0 
tan Ø0>0 tan Ø<0 


FIGURE A-8 “Ếp- 


5. Ripht triangles. A right triangle has one angle that is 90° (a right angle); that 
1s, the fwo sides that meet at the ripht angle are perpendicular (Fig. A-5). 
The two other (acute) anples in the ripht triangle add up to 909. 


6. Pythagorean theorem. In any ripht triangle, the square of the length of the 
hypotenuse (the side opposite the ripht anple) is equal to the sum of the 
squares of the lengths of the other two sides. In Fig. A—5, 


cẪẪổ.= a +Ù. 


A-~Z7 Trigonometric Functions and Identities 


Trigonometric functions for any angle Ø are defined by consfructing a ripht triangle 
about that angle as shown 1n Fig. A—-6; opp and adJ are the lengths of the sides 
Oopposite and adJacent to the angle 0, and hyp 1s the length of the hypotenuse: 


¡ng = 0PP __1 _ hp 
sinØ = cscØ = -; = 
hyp sin 8 ODpp 
ađỊ 1 h 
COSØ = G8 secØ = = IE 
hyp cOS Ø ad] 
- đi 
tan0 = SEP ..sÖ cotØ = , ¬.. 
adJ cOS Ø tan Ø ODpp 


adj” + opp? = hypZ 


(Pythagorean theorem). 


Figure A-7 shows the signs (+ or —) that cosine, sine, and tangent take on for 
angles Ø in the four quadrants (0° to 3609). Note that angles are measured coun- 
terclockwise from the x axis as shown; negative angles are measured from 
belou the x axIs, clockwise: for example, —30° = +330”, and so on. 
The following are some useful 1dentitles among the trigonometric funcfions: 
sinØ + cos”Ø = 1 
sin2Ø = 2sinØcosØ 


cos2Ø = cos”Ø — sinØ = 2cos20 — 1 = 1-— 2sinØ 
2t 

tan 20 = _ Ztan0 - 
1 — tan?0 


sn(A + B) = sin Acos B8 + cos 4sin B 
cos(A4 + B) = cos Acos Ö T sin Asin 8 


tan A + tan B 
bà 1l c 1 + tan Atan ö 
sin(180° — 60) = sin0 
cos(180° — 0) = —cosØ 
sin(90° — 60) = cos0 
cos(90° — 0) = sin0 
sin 3Ø = : =— 


.. [1 — cos8Ø 
š 1 + cos0 


A+bB A+B 
sin 4 + sin = 2sn| || } 


For any triangle (see Fig. A-8): 


sin sin sin 7 
“= Thi (law of sines) 
q b C 
cồ = a + b`— 2abcos7Y.  (law ofcosines) 
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Trigonometric Table: Numerical Values of Sin, Cos, Tan 


Angle Angle Angle Angle 
in in in in 
Degrees Radians Sine Cosine Tangent Degrees Radians Sine Cosine Tangent 
0° 0.000 0.000 1.000 0.000 
1° 0.017 0.017 1.000 0.017 46° 0.803 0.719 0.695 1.036 
Phu 0.035 0.035 0.999 0.035 47° 0.820 0.731 0.682 1.072 
Kh 0.052 0.052 0.999 0.052 48° 0.838 0.743 0.669 1.111 
4° 0.070 0.070 0.998 0.070 49° 0.855 0.755 0.656 1.150 
SÌM 0.087 0.087 0.996 0.087 50 0.873 0.766 0.643 1.192 
6° 0.105 0.105 0.995 0.105 S1” 0.890 0.777 0.629 1.235 
75 0.122 0.122 0.993 0.123 52° 0.908 0.788 0.616 1.280 
8° 0.140 0.139 0.990 0.141 53° 0.925 0.799 0.602 1.327 
99 0.157 0.156 0.988 0.158 54° 0.942 0.809 0.588 1.376 
10° 0.175 0.174 0.985 0.176 55 0.960 0.819 0.574 1.428 
11° 0.192 0.191 0.982 0.194 56° 0.977 0.829 0.559 1.483 
12 0.209 0.208 0.978 0.213 S7” 0.995 0.839 0.545 1.540 
13° 0.227 0.225 0.974 0.231 585 1.012 0.848 0.530 1.600 
14° 0.244 0.242 0.970 0.249 59° 1.030 0.857 0.515 1.664 
15° 0.262 0.259 0.966 0.268 60° 1.047 0.866 0.500 1.732 
16° 0.279 0.276 0.961 0.287 61° 1.065 0.875 0.485 1.804 
17 0.297 0.292 0.956 0.306 62° 1.082 0.883 0.469 1.881 
18° 0.314 0.309 0.951 0.325 63° 1.100 0.891 0.454 1.963 
199 0.332 0.326 0.946 0.344 64° 1.117 0.899 0.438 2.050 
20° 0.349 0.342 0.940 0.364 65 1.134 0.906 0.423 2.145 
II 0.367 0.358 0.934 0.384 66° 1.152 0.914 0.407 2.246 
. 0.384 0.375 0.927 0.404 679 1.169 0.921 0.391 2.356 
23 0.401 0.391 0.921 0.424 68° 1.187 0.927 0.375 2.475 
24° 0.419 0.407 0.914 0.445 69° 1.204 0.934 0.358 2.605 
25 0.436 0.423 0.906 0.466 70° 1.222 0.940 0.342 2.741 
26° 0.454 0.438 0.899 0.488 719 1.239 0.946 0.326 2.904 
Ái 0.471 0.454 0.891 0.510 72° 1.257 0.951 0.309 3.078 
28° 0.489 0.469 0.883 0.532 73° 1.274 0.956 0.292 3.271 
20° 0.506 0.485 0.875 0.554 74° 1.292 0.961 0.276 3.487 
30° 0.524 0.500 0.866 0.577 Tọ" 1.309 0.966 0.259 3/732 
31° 0.541 0.515 0.857 0.601 76° 1.326 0.970 0.242 4.011 
32° 0.559 0.530 0.848 0.625 779 1.344 0.974 0.225 4.331 
33° 0.576 0.545 0.839 0.649 789 1.361 0.978 0.208 4.705 
34° 0.593 0.559 0.829 0.675 799 1.379 0.982 0.191 5.145 
35° 0.611 0.574 0.819 0.700 80° 1.396 0.985 0.174 5.671 
36° 0.628 0.588 0.809 0.727 81° 1.414 0.988 0.156 6.314 
379 0.646 0.602 0.799 0.754 82° 1.431 0.990 0.139 7.115 
38° 0.663 0.616 0.788 0.781 83° 1.449 0.993 0.122 8.144 
39° 0.681 0.629 0.777 0.810 84° 1.466 0.995 0.105 9.514 
40° 0.698 0.643 0.766 0.839 85 1.484 0.996 0.087 11.43 
41° 0.716 0.656 0.755 0.869 86° 1.501 0.998 0.070 14.301 
42° 0.733 0.669 0.743 0.900 879 1.518 0.999 0.052 19.081 
43° 0.750 0.682 0.731 0.933 88° 1.536 0.999 0.035 28.636 
44° 0.768 0.695 0.719 0.966 895 1.553 1.000 0.017 57.290 
45 0.785 0.707 0.707 1.000 90° 1.571 1.000 0.000 œ 
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A-8 Logarithms 


Logarithms are defined In the following way: 
ly = A', then x = logxy. 


That 1s, the logarithm of a number y to the base 4 1s that number which, as the 
exponent of 4, gives back the number y. For common logarithms, the base 
1s 10, SO 


IÝ y = 107, then x = logy. 


The subscript 10 on logo 1s usually omitted when dealing with common logs. 
Another base sometimes used 1s the exponential base e = 2.718---, a natural 
number.” Such logarithms are called natural logarithms and are written “In”. Thus, 


IÍ y = €', then x = Iny. 
For any number y, the two types of logarithm are related by 
Iny = 2.3026 log y. 
Some simple rules for logarithms Include: 
log(ab) = loga + logb. (A-7) 


This is true because i1 z = 10” and b= 10”, then ab = 10”*”, From the 
defnition of logarithm, logøa = m, logb = m, and log (ab) = n + m; hence, 
log (ab) = n + m = loga + logb. In a similar way, we can show the rules 


lo] = loga — logb (A-8) 
and 
loga” = nmloga. (A-9) 


These three rules apply not only to common logs but to natural or any other 
kímnd of logarithm. 

Logs were once used as a technique for simplifying certain types of calcu- 
lation. Because of the advent of electronic calculators and computers, they 
are not often used any more for that purpose. However, logs do appear 1n 
certain physical equations, so 1t 1s helpful to know how to deal with them. TỶ 
you do not have a calculator that calculates logs, you can use a log table, 
such as the small one shown here (Table A-1). The number N 1s given to 
two diøits (some tables give N to three or more digits); the first digit is In 
the vertical column to the left, the second digit 1s 1n the hor1zontal row across 
the top. For example, the Table tells us that log 1.0 = 0.000, log1.1 = 0.041, 
and log 4.1 = 0.613. The Table gives logs for numbers between 1.0 and 9.9; for 
larger or smaller numbers, we use rule A—7: 


log(ab) = loga + logb. 
For example, 
log(380) = log(3.8 x 10?) = log (3.8) + log (10?). 
From the Table, log 3.8 = 0.580; and from rule A-9, 
log(10?) = 2log(10) = 2, 
since log (10) =1. [This follows from the defnition of the logarithm: If 


“The exponential base e can be written as an infinite series: 
1 1 1 1 
e=1+—3 bàn 
1 1:2 1:23  1:2:3:4 
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TABLE A-1 Short Table of Common Logarithms 
N 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 


000 .041 09 114 .14 1726 204 230 .25S .279 
3012 4322 342 362 380 395 4l1S 431 447 462 
477 491 505 519 531 544 556 568 .580 .591 
602  .613 623 633 643 653 663 .672 681.690 
699 708 .//716 .724 .732 740 748 756 763 .771 
./78 ./85S .792  .799 806 S13 820  .826 833 839 
84Ố 851 857 863 869 8/5 .8S1 S86 892 .898 
.003  .90§8 .914 .919  .924 929 935 .940 944 .949 
%4 .959 961  .96ú8 .973 9/8 982 .987 991 996 


\`Ð© Œœ ¬I Œ Ci:i +> CO) t 


10 = 10!, then 1 = log (10).] Thus, 


log (380) = log (3.8) + log (10?) 
0.580 + 2 
2.580. 


Similarly, 


log (0.081) = log (8.1) + log(102) 


0.906 — 2 =  —1.092. 


Somefimes we need to do the reverse process: find the number W whose log 
1s, say, 2.670. This is called “taking the anfilogarithm.” To do so, we separate our 
number 2.670 into two parts, making the separation at the decimal point: 

log N = 2.670 2 + 0.670 
log 102 + 0.670. 


W©e now look at Table A—1 to see what number has 1s log equal to 0.670; none 
does, so we must inferpolate: we see that log 4.6 = 0.663 and log4.7 = 0.672. 
So the number we want is between 4.6 and 4.7, and closer to the latter by ¿. 
Approximately we can say that log 4.68 = 0.670. Thus 
logM = 2+ 0.670 
= log(10?) + log (4.68) = log(4.68 x 10?), 
so W = 4.68 x 10 = 468. 
Tf the g1ven logarithm 1s negafive, say, —2.180, we proceed as follows: 
log NV 2.180 = =3 + 0.820 
= log10 + log6.6 = log6.6 x 103, 


so W) =6.6 x 10. Notice that we added to our given logarithm the next 
largest Integer (3 in this case) so that we have an integer, plus a decimal number 
between 0 and 1.0 whose antilogarithm can be looked up 1n the Table. 
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S 2 
kử * 
Selected Isotopes 
Œ®) (2) 3) (4) (5) (6) Œ) 
Atomic Mass % Abundance 
Number Number Atomic (or Radioactive Half-life 
Z Element Symbol A Mass" Decay' Mode) (If radioactive) 
0 (Neutron) n 1 1.008665 B 10.183 min 
1 Hydrogen H 1 1.007825 99.9885% 
[proton p 1 1.007276] 
Deuterium :H 2 2.014102 0.0115% 
[deuteron dorD 2 2.013553] 
Triium 1H 3 3.016049 B 12.32 yr 
[triton torT 3 3.015500] 
2 Helium He 3 3.016029 0.000137% 
4 4.002603 99.999663% 
3 Lithium Li 6 6.015123 7.59% 
7 7.016003 92.41% 
4 Beryllium Be 7 7.016929 BÉ, 53.24 days 
9 9.012183 100% 
5 Boron B 10 10.012937 19.9% 
11 11.009305 S0.1% 
6 Carbon C 11 11.011434 8 `,EC 20.334 min 
12 12.000000 968.93% 
13 13.003355 1.07% 
14 14.003242 B 5730 yr 
7 NÑitrogen N 13 13.005739 8 `.EC 9.965 min 
14 14.003074 99.632% 
15 15.000109 0.368% 
8 Oxygen O 15 15.003066 8 `.EC 122.24s 
16 15.994915 99.757% 
18 17.999160 0.205% 
9 Fluorine F 19 18.998403 100% 
10 Neon Ne 20 19.992440 90.48% 
22 21.991385 9.25% 
11 Sodium Na 22 21.994437 8'.EC,Y 2.6027 yr 
23 22.98976069 100% 
24 23.990963 B.7 14.997h 
12 Masgnesium Mg 24 23.985042 78.99% 
13 Aluminum AI 27 26.981539 100% 
14 Silicon Sĩ 28 27.976927 92.223% 
31 30.975363 B.? 157.3 min 
15 Phosphorus P 31 30.973762 100% 
32 31.973908 B 14.262 days 


The masses (atomic mass units) given in column (5) are those for the neutral atom, including the Z electrons (except for the proton, deuteron, triton). 


*Chapter 30; EC = electron capture. 
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q) (2) @) 4) C) (6) œ0) 
Atomic Mass % Abundance 
Number Number Atomic (or Radioactive Half-life 
Z Element Symbol A Mass Decay Mode) (if radioactfive) 

16 Sulfur S 32 31.972071 94.99% 

3) 34.969032 B 87.37 days 
lứ Chlorine C1 35 34.968853 75.76% 

37 36.965903 24.24% 
18 Argon Ar 40 39.962383 99.6035% 
19 Potassium K 39 38.963706 93.2581% 

40 39.963998 0.0117% 

8.EC,7,8' 1.248 x 10?yr 

20 Calcium Ca 40 39.962591 96.94% 
21 Scandium Sc 45 44.955908 100% 
22 Titanium T¡ 48 47.947942 73.72% 
23 Vanadium Vụ 51 50.943957 99.750% 
24 Chromium Cr 52 51.940506 83.789% 
25 Manganese Mn S) 5354.938044 100% 
26 lron Fe 56 55.934936 91.754% 
27 Cobalt Co 59 58.933194 100% 

60 59.9338§16 B.7 5.2713 yr 
28 Nickel Ni 58 57.935342 68.077% 

60 59.930786 26.223% 
29 Copper Cu 63 62.929598 69.15% 

65 64.927790 30.85% 
30 Zinc Zn 64 63.929142 49.17% 

66 65.926034 27.73% 
31 Gallium Ga 69 68.925574 60.108% 
32 Germanium Ge 72 71.922076 27.45% 

74 73.921178 36.50% 
33 Arsenic As 75 74.921595 100% 
34 Selenium Se S0 79.916522 49.61% 
35 Bromine Br 79 78.918338 50.69% 
36 Krypton Kr 84 83.911498 56.987% 
37 Rubidium Rb 85 84.911790 72.17% 
38 Strontium Šr $6 85.909261 9.86% 

88 87.905612 82.58% 

90 89.907730 B 28.90 yr 
39 Yttrium b4 89 88.905840 100% 
40 Zirconium Zr 90 89.904698 51.45% 
41 Niobium Nb 93 92.906373 100% 
42 Molybdenum Mo 96 97.905405 24.39% 
4 Technetium Tc 98 97.907212 8.7 4.2 x 105 yr 
44 Ruthenium Ru 102 101.904344 31.55% 
45 Rhodium Rh 103 102.905498 100% 
46 Palladium Pd 106 105.903480 27.33% 
47 Silver Ag 107 106.905092 51.839% 

109 108.904755 48.161% 

48 Cadmium Cd 114 113.903365 28.73% 
49 Indium In 115 114.903879 95.71%;8_ 4.41 x 1014yr 
50 Tin Sn 120 119.902202 32.58% 
S† Antimony Sb IVÃI 120.903812 57.21% 
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q) (2) @®) (4) () (6) Œ) 
Atomic Mass % Abundance 
Number Number Atomic (or Radioactive Half-life 
Z Element Symbol A Mass Decay Mode) (ïf radioactfive) 
52 Tellurium Te 130 129.906223 34.08%; Ø8" >3.0 x 102! yr 
33 lodine 1 127 126.904472 100% 
131 130.906126 B.7 8.0252 days 
54 Xenon Xe 132 131.904155 26.9086% 
136 135.907214 §.8573%;8 B_ >2.4 x 10”! yr 
355 Cesium Œs 133 132.905452 100% 
56 Barium Ba 137 136.905827 11.232% 
138 137.905247 71.698% 
57 Lanthanum La 139 138.906356 99.9119% 
58 Cerium Ce 140 139.905443 88.450% 
59 Praseodymium Pr 141 140.907658 100% 
60 Neodymium Nd 142 141.907729 27.152% 
61 Promethium Pm 145 144.912756 EC, œ 17.7yr 
62 Samarium Sm 152 151.919740 26.75% 
63 Europium Eu 153 152.921238 52.19% 
64 Gadolinium Gd 158 157.924112 24.84% 
65 Terbium Tb 159 1568.925355 100% 
66 Dysprosium Dy 164 163.929182 28.260% 
G7 Holmium Ho 165 164.930329 100% 
68 Erbium Er 166 165.930300 33.503% 
69 Thulium Tm 169 168.934218 100% 
70 'Ytterbium Yb 174 173.938866 31.026% 
71 Lutetiuim Lu 175 174.940775 97.401% 
72 Hafnium Hf 180 179.946557 35.08% 
73 Tantalum Ta 181 180.947996 99.98799% 
74 Tungsten (wolram) W 184 183.950931 30.64%; œ >8.9 x 10”! yr 
75 Rhenium Re 187 186.955750 62.60%; 8ˆ 4.33 < 1019 yr 
76 Osmium Os 191 190.960926 8.7 15.4 days 
192 191.961477 40.78% 
7 Iridium lr 191 190.960589 37.3% 
193 192.962922 62.7% 
78 Platinum Pt 195 194.964792 33.78% 
79 Gold Au 197 196.966569 100% 
S0 Mercury Hg 199 1968.968281 16.87% 
202 201.970643 29.86% 
81 Thallium TI 205 204.0974428 70.48% 
82 Lead Pb 206 205.0974466 24.1% 
207 206.0975897 22.1% 
208 207.0976652 52.4% 
210 209.984189 B.7,œ 22.20 yr 
211 210.0988737 B.7 36.1 min 
212 211.991898 B,7 10.64h 
214 213.999806 B.7 26.8 min 
83 Bismuth Bi 209 208.980399 100% 
211 210.987270 ằœ,7,B_ 2.14min 
84 Polonium Po 210 209.982874 œ,7,EC 138.376 days 
214 213.995202 œ,Y 164.3 s 
85 Astatine At 218 218.008695 ằœ,B_` 1.5s 
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q) (2) @®) (4) () (6) Œ) 
Atomic Mass % Abundance 
Number Number Atomic (or Radioactive Half-life 
Z Element Symbol A Mass Decay Mode) (if radioactfive) 
86 Radon Rn 222 222.017578 œ, 3.8235 days 
S7 Francium Fr 223 223.019736 B.”.œ 22.00 min 
88 Radium Ra 226 226.025410 œ,Y 1600 yr 
89 Actinum Ác 227 227.0027752 B.7Y.,œ 21.772 yr 
90 Thorium Th 228 228.028741 œ, 1.9116 yr 
232 232.038056 100%; œ, Y 1.40 < 1019 yr 
91 Protactinium Pa 231 231.035884 œ, 3.276 x 10 yr 
92 Uranium U 232 232.037156 œ,7 68.9 yr 
233 233.039636 œ, 1.592 x 10” yr 
235 235.043930 0.7204%; œ, Y 7.04 < 10 yr 
236 236.045568 œ, 2.342 x 10” yr 
238 238.050788 99.2742%; œ, Y 4.468 x 107 yr 
239 239.054294 B.7 23.45 min 
935 Neptunium NÑp 237 2537.048174 œ, 2.144 < 10Ẽ yr 
239 239.052939 B.7 2.356 days 
94 Plutonium Pu 239 239.052164 œ, 24.110 yr 
244 244.064205 œ §.00 < 10” yr 
95 Americium Am 243 243.0613861 œ,7 7570 yr 
9% Curium Cm 247 247.070354 œ, 1.56 x 10” yr 
97 Berkelium Bk 247 247.070307 œ,7 1380 yr 
98 Californium Cï 251 251.079589 œ, 898 yr 
99 Einsteinium Es 252 252.082980 ơ,EC, 7 471.7 days 
100 Fermium Em 257 257.095106 œ, 100.5 days 
101 Mendelevium Md 258 258.098431 œ, 51.5 days 
102 Nobelium No 259 259.101030 ơ, BC 58min 
103 Lawrencium Lr 262 262.109610 ơ, EC, fission 4h 
104 Rutherfordium Rf 263 263.112500 fissilon 10 min 
105 Dubnium Db 268 268.125670 fissilon 32h 
106 Seaborgium S8 271 271.1353930 œ, fission 2.4min 
107 Bohrium Bh 274 274.143550 œ, Ïission 0.9 min 
108 Hassium Hs 270 270.134290 œ 22s 
109 Meitnerium Mt 278 278.156310 ơ, fission 8s 
110 Darmstadtium Ds 281 281.164510 ơ, fission 20s 
111 Roentgenium Rg 281 281.166360 œ, [isslon 26s 
112 Copernicium cCn 285 285.177120 œ 30s 
113 286 286.18210 œ, fission 20s 
114 Flerovium Fl 289 289.190420 œ 2.75 
115 289 289.193630 œ, fission 0.22s 
116 Livermorium Lv 293 293.204490 ơ 53 ms 
117 294 294.210460 œ 0.08 s 
118 294 294.213920 œ, fission 0.9 ms 


ÏPreliminary evidence (unconfirmed) has been reported for elements 113, 115, 117, and 118. 
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FIGURE C-1 Path of a ball released 
On arotating merry-go-round 
(a) in the reference frame of the 
merry-go-round, and (b) in a 
reference frame fixed on the ground. 
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Roftating Frames of Reference; 
Inertial Forces; Coriolis Effect 


Inertial and Noninertial Reference Frames 


In Chapters 5 and § we examined the motion of obJects, including circular and 
rofational motion, from the outside, as observers fixed on the Earth. Sometimes 
1{ 1s convenient to place ourselves (in theory, 1Ÿ not physically) Into a reference 
frame that 1s rotating. Let us examine the motion of objJects from the poimt of 
View, or Írame of reference, of persons seated on a rofating platform such as a 
merry-go-round. It looks to them as 1ƒ the rest of the world 1s goïng around /he7m. 
But let us focus on what they observe when they place a tennis ball on the floor of 
the rotating platform, which we assume 1s frictionless. IÝ they put the ball down 
gently, without giving 1t any push, they will observe that 1t accelerates from Test 
and moves outward as shown 1n Eig. C-1a. According to Newton's first law, an 
obJect Imitially at rest should stay at rest 1 no net force acts on 1t. But, according 
to the observers on the rotating platform, the ball starts moving even though 
there 1s no net force acting on 1(. To observers on the ground, this 1s all very 
clear: the ball has an initial velocity when it 1s released (because the platform ïs 
movins), and it simply continues moving in a straipht-line path as shown in 
Fig. C-1b, 1n accordance with Newton's ñrst law. 

But what shall we do about the frame of reference of the observers on the 
rofating platform? Newton*s first law, the law of inertia, does not hold 1n this 
rofating frame of reference since the ball starts moving with no net force on 1t. 
For this reason, such a frame 1s called a noninertial reference frame. An inertial 
reference frame (as discussed in Chapter 4) is one in which the law of inertia— 
Newton?s first law—does hold, and so do Newton”s second and third laws. In a 
noninertial reference frame, such as our rotating platform, Newton”s second law 
also does not hold. For instance In the situation described above, there is no net 
force on the ball; yet, with respect to the rotating platform, the ball accelerates. 


Fictitdous (Inertial) Forces 


Because Newton”s laws do not hold when observations are made with respect to 
a rotating frame of reference, calculation of motion can be complicated. How- 
ever, we can still apply Newton”s laws 1n such a reference frame 1Ÿ we make use 
Of a trick. The ball on the rotating platform of Eig. C-1a flies outward when 
released (even though no force 1s actually acting on 1£). So the trick we use 1s tO 
write down the equation #Ƒ' = ma as 1Ÿ a force equal to ø0ˆ/r (or mœ”r) Were 
acting radially outward on the obJect in addition to any other forces that may be 
acting. This extra force, which might be designated as “centrifugal force” since 1t 
seems tO act outward, 1s called a ficfifious force or pseudoforce. Ít is a pseudo- 
force (“pseudo” means “false”) because there is no object that exerts this force. 
Furthermore, when viewed from an Inertial reference frame, the effect doesn't 
exIst at all. We have made up this pseudoforce so that we can make calculations 
1n a noninertial frame using Ñewton”s second law, » = ma. Thus the observer 
in the noninertial frame of Eig. C-1a uses Newton”® second law for the ball's 
outward motion by assuming that a force equal to zz”/r acts on it. Such 
pseudoforces are also called inertial forees since they arise only because the 
reference frame 1s not an Inertial one. 


In Section 5-3 we discussed the forces on a person 1n a car going around a 
curve (Eig. 5-11) from the point of view of an inertial frame. The car, on the other 
hand, 1s not an inertial frame. Passengers In such a car could interpret this being 
pressed outward as the effect of a “centrifugal” force. But they need to recogn1ze 
that 1t 1s a pseudoforce because there 1s no 1dentifiable obJect exerting 1t. It 1s 
an effect of being In a noninertial frame of reference. 

The Earth 1tself 1s rotating on 1s axIs. Thus, strictly speaking, NÑewton”s laws 
are not valid on the Earth. However, the effect of the Earth”s rotation 1s usually 
so small that 1t can be Ignored, although 1t does Influence the movement of large 
alr masses and ocean currents. Because of the Earth?s rotation, the material of 
the Earth 1s concentrated slightly more at the equator. The Earth 1s thus not a 
perfect sphere but 1s slightly fatter at the equator than at the poles. 


Coriolis Efect 


In a reference frame that rotates at a constant angular speed øœ (relative to an 
Inertial frame), there exisfs another pseudoforce known as the Coriolis force. Ìt 
appears to act on an obJect in a rofating reference frame only 1f the obJect 1s 
moving relafive to that rotating reference frame, and 1t acts to deflect the obJect 
sideways. I{, too, 1s an effect of the rotating reference frame being noninertial 
and hence 1s referred to as an /merfial force. It also affects the weather. 

To see how the Coriolis force arises, consider two people, A and B, at rest 
on a platform rotating with angular speed œ, as shown In Eig. C-—2a. They are 
situated at distances ra and rg from the axis Of rotation (at O). The woman at A 
throws a ball with a hor1zontal velocity ý (in her reference frame) radially outward 
toward the man at B on the outer edge of the platform. In Fig. C-2a, we view 
the situation from an Inertial reference frame. The ball initially has not only the 
velocity V radially outward, but also a tangential velocity 4 due to the rotation 
of the platform. Now Eq. 8-4 tells us that œA = rAœ, where 7a 1s the woman”s 
radial distance from the axis of rotation at O. TỶ the man at B had this same veloc- 
1ty 0A, the ball would reach him perfectly. But his speed 1s øg = rgœ, which 1s 
øreater than 4 because 7p > 7a. Thus, when the ball reaches the outer edge of 
the platform, 1t passes a point that the man at B has already gone by because h1s 
specd In that direction 1s greater than the ball's. So the ball passes behind him. 

Figure C~2b shows the situation as seen from the rotating platform as frame of 
reference. Both A and B are at rest, and the ball is thrown with velocity Y toward B, 
but the ball deflects to the right as shown and passes behind B as previously 
described. This 1s not a centrifugal-force effect, because that would act radially 
outward. Instead, this effect acts sideways, perpendicular to Y, and ¡s called a 
Coriolis acceleration; 1t is said to be due to the Coriolis force, which 1s a fictitious 
Iinertial force. Its explanation as seen from an Inertial system was gIven above: 
1 1s an effect of being 1n a rotating system, for which a poimt farther from the 
rofation axis has a higher linear speed. On the other hand, when viewed from 
the rotating system, the motion can be described using Newton”s second law, 
XE = mã, ïf we add a “pseudoforce” term corresponding to this Coriolis effect. 


ball 


¬>_ “« 


(a) Inertial reference frame (b) Rotating reference frame 
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FIGURE C-2 The origin of the 
` - Coriolis effect. Looking down on a 
Os —. ) rotating platform, (a) as seen from a 
nonrotating inertial reference frame, 
Pathof /ÈŠ_ and (b) as seen from the rotating 
platform as frame of reference. 
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FIGURE C-2 (Repeated.) 
The origin of the Coriolis effect. 


Looking down on a rotating platform, 
(a) as seen from a nonrotating inertial 
reference frame, and (b) as seen from 
the rotating platform as frame of 


reference. 
Low 
————> ÝŸ——¬ 
Dressure 


Z2 N 


(c) HN i, h 
FIGURE C-3 (a) Winds (moving air 
masses) would flow directly toward 
a low-pressure area 1ƒ the Earth did 
not rotate; (b) and (c): because of 
the Earth”s rotation, the winds are 
deflected to the ripht in the Northern 
Hemisphere (as in Eig. C—2) as 1Í a 
fictitious (Coriolis) force were acting. 
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(a) Inertial reference frame (b) Rotating reference frame 


Let us determine the magnitude of the Coriolis acceleration for the simple case 
described above. (We assume øœ is laree and distances short, so we can ipenore 
gravity.) We do the calculation from the inertial reference frame (Fig.C-2a). The 
ball moves radially outward a distance rpg — 7x at speed 1n a short time íf given by 


†q — fA — tí. 

During this time, the ball moves to the side a distance s4 ø1ven by 
SA =— 0ĐAÍ. 

The man at B, in this time f, moves a đistance 
$B = ĐhÍ. 


The ball therefore passes behind him a distance s (Fig. C—2a) given by 


$ — 6p §A — (Đp ĐẠ)f. 


We saw earller that 4 = 7Aœ and 0g = rgœ, SO 


§ = (nạ = rA)@f. 
We substitute rg — ra = œí (see above) and get 
8$ = @0ŸẺ. (C-U 


Thịs same s equals the sideways displacement as seen from the noninertial rotaf- 
ing system (Eig. C-2b). 

Equation C—1 corresponds to motion at constant acceleration, because as we 
saw in Chapter 2 (Eq.2-11b), y = a/” for a constant acceleration (with zero ini- 
tial velocity in the y đirection). Thus, if we write Eq. C-1 in the form s = 5 đc¿r f, 
we see that the CorIolis acceleration đcor 1S 


đcạp = 209. (C-2) 


Thịs relation 1s valid for any velocity In the plane oŸ rotation perpendicular to the 
axis Of rofation (in Fig. C—2, the axis through poïnt O perpendicular to the page). 

Because the Earth rotates, the Coriolis effect has some Interesting manifesta- 
tions on the Earth. It affects the movement of air masses and thus has an infiuence 
on weather. In the absence of the Coriolis effect, air would rush directly Into a 
region of low pressure, as shown In Eig. C—3a. But because of the Coriolis effect, 
the winds are deflected to the right im the Northern Hemisphere (Eig. C-3b), 
since the Earth rotates from west to east. So there tends to be a counterclockwise 
wind pattern around a low-pressure area. The reverse 1s true in the Southern 
Hemisphere. Thus cyclones rotate counterclockwise In the Northern Hemisphere 
and clockwise In the Southern Hemisphere. The same effect explains the easterly 
trade winds near the equator: any winds heading south toward the equator will be 
deflected toward the west (that 1s, as 1Ý coming from the east). 

The Coriolis effect also acts on a falling obJect. An obJect released from the 
top of a hiph tower wIll not hit the ground directly below the release point, but will 
be deflected slightly to the east. Viewed from an inertial frame, this happens 
because the top of the tower revolves with the Earth at a slipghtly hipher speed 
than the bottom of the tower. 


Molar Specific Heats for Gases, 
and the Equipartition of Energy 


Molar Specific Heats for Gases 


The values of the specific heats for øgases depend on how the thermodynamIc process 
1S carried out. Two Important processes are those in which either the volume or 
the pressure 1s kept constant, and Table D—1 shows how different they can be. 

The difference 1n specific heats for gases 1s nicely explained 1n terms of the 
ñirst law of thermodynamics and kinetic theory. For øgases we usually use molar 
specific heats, Cỳ and Œp., which are defined as the heat required to raise 1 mol of 
a gas by 1 K (or 1 C9) at constant volume and at constant pressure, respectively. In 
analogy to Eq. 14-2, the heat @ needed to raise the temperature of moles OŸ gas 
by AT1s 


Q 
Q = nGAT. 


nŒy AT [volume constant] (D-1a) 


[pressure constant] (D-1h) 


We can see from the definition of molar specific heat (compare Egs. 14-2 and D-1) 
that 


cv Mcv 
Œp = Mcp s: 


where M is the molecular mass of the gas (M = m/n in grams/mol).' The values 
for molar specific heats are Included in Table D—1. These values are nearly the 
same for different gases that have the same number of atoms per molecule. 

NÑNow we use kinetic theory and Imagine that an 1deal gas 1s slowly heated via 
two different processes——first at constant volume, and then at constant pressure. 
In both processes, we let the temperature Increase by the same amount, A7. 


TFor example, Ä⁄ = 2 g/mol for He, and M = 32g/mol for O¿. 


TABLE D-1 Specific Heats of Gases at 15°C 


Specific Heats Molar Specific Heats 
(kcal/kg - K) (cal/mol - K) 
Cp — Cv 
Gas đầy đy Œ (ấn (cal/mol - K) 
Monatomic 
He 0.75 1.15 2.98 4.97 1.99 
Ne 0.148 0.246 2.98 4.97 1.99 
Diatomic 
N; 0.177 0.248 4.96 6.95 1.99 
O; 0.155 0.218 5.03 7.03 2.00 
Triatomic 
CO; 0.153 0.199 6.80 8.83 2.03 
HO (100°C) 0.350 0.482 6.20 8.20 2.00 
Polyatomic 
CạH;¿ 0.343 0.412 10.30 12.35 2.05 
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In the constant-volume process, no work 1s done since AW = 0. Thus, according 
to the first law of thermodynamics (Q = AU + W, Section 15-1), the heat added 
(which we denote by ÓQy) all goes into increasing the internal energy of the gas: 
@v = AU. 

In the constanf-pressure process, work ¡s done. Hence the heat added, p, must 
not only increase the Iinternal energy but also 1s used to do work W = P AV. 
Thus, to Increase the temperature by the same A7, more heat must be added in 
the process at constant pressure than In the process at constant volume. For the 
DTOcess at constanf pressure, the first law of thermodynamics gø1ves 


Qp = AU+ PAV. 


Since A Ứ 1s the same in the two processes (we chose A 7'to be the same), we can 
combiïne the two above equatIons: 


Qp— €y = PAV. 


From the ideal gas law, W = núÑT/P, so for a process at constant pressure 


AV = nønR AT/P. Putting this into the last equation and using Eqs. D-1, we find 
RAT 
nŒp AT — nC AT = P(EA") 


or, after cancellations, 
Œp = Cy = Ñ. (D-2) 

Since the gas constant # = 8.314J/mol:K = 1.99 cal/mol-K, our prediction is 
that Cp will be larger than Cy by about 1.99 cal/mol - K. Indeed, this is very close 
to what 1s obtained experimentally, as shown In the last column in Table D-1. 

Now we calculate the molar specific heat of a monatomic gas using kinetic 
theory. For a process carried out at constant volume, no work 1s done, so the first 
law of thermodynamies tells us that 


AU = @y. 
For an ideal monatomic gas, the internal energy, , 1s the total kinetic energy of 
all the molecules, 

U = N(m?) = $nRT 
as we saw In Section 14-2. Then, using Eq.D-—1a, we write AU = Ó\y as 

AU = $nRAT = nCVAT (D-3) 
OT 

Cy =ÖR. (D-4) 

Since ®® = 8.314J/mol:K = 1.99cal/mol:K, kinetic theory predicts that 
Cv = 2.98 cal/mol-K_ for an ideal monatomic øas. This is very close to the eXper- 
imental values for monatomic øases such as helium and neon (Table D—1). From 
Eq.D-2, Œp is predicted to be # + Cy = (1.99 + 2.98)cal/mol-K = 4.97 cal/mol-K, 
also in aøreement with experiment (Table D-—1). 


Equipartition of Energy 
The measured molar specific heats for more complex gases (Table D—1), such as 
diatomrc (two atom$) and triatomic (three atoms) øases, iIncrease with the increased 
number of atoms per molecule. We can explain this by assuming that the Internal 
energy 1ncludes not only translational kinetic energy but other forms Of energy as 
FIGURE D-1 A diatomic molecule  well. For example, in a diatomic gas (Eig. D—1), the two atoms can rofate about 
can rofate about two different axes.  two different axes (but rotation about a third axis passing through the two atoms 
AXis | would øive rise to very little energy since the moment of inertia is so small). The 
molecules can have rotational as well as translational kinetic energy. 
Ị lt 1s useful to introduce the idea of degrees of freedom, by which we mean 
| the number of independent ways molecules can possess energy. For example, 
| j a monatomrc øas has three degrees of freedom, because an atom can have velocIty 
@) along the x, y, and z axes. These are considered to be three independent motions 
because a change in any one of the components would not affect the others. 
A diatomic molecule has the same three degrees of freedom associated with trans- 
lational kmetic energy plus two more degrees of freedom associated with rotational 
A-20 APPENDIXD kinetic energy (Fig. D—1), for a total of five degrees of freedom. 


Table D~1 indicates that the Cy for diatomic gases is about š times as great as 
for a monatomic gas——that 1s, In the same ratio as their degrees of freedom. This 
result led nineteenth-century physicisfs to the principle of equipartifion of energy. 
Thịs principle states that energy 1s shared equally among the active degrees of 
freedom, and each active degree of freedom of a molecule has on average an 
energy equal to k7. Thus, the average energy for a molecule of a monatomic 
gas would be šk7 (which we already knew) and of a điatomic gas šk7. Hence 
the internal energy of a diatomic gas would be U = N(škT7) = šnÑT, where ñ 
1s the number of moles. Using the same argument we did for monatomIc øases, 
we see that for diatomic gases the molar specific heat at constant volume would be 
3Ñ = 4.97 cal/mol -K, close to measured values (Table D-1). More complex mole- 
cules have even more degrees of freedom and thus greater molar specific heats. 

However, measurements showed that for diatomic øases at very low temper- 
atures, Cy has a value of only 3 Ñ, as if it had only three degrees of freedom. And 
at very high temperatures, Cy was about ;#, as if there were seven degrees of 
freedom. The explanation 1s that at low temperatures, nearly all molecules have 
only translational kinetic energy; that 1s, no energy øoes Info rotational energy and 
only three degrees of freedom are “active.” At very hiph temperatures, all five 
degrees of freedom are acfive plus two additional ones. We 1nterpret the two new 
degrees of freedom as being associated with the two atoms vibrafing, as 1ƒ they were 
connected by a spring (Fig. D-2). One degree of freedom comes from the kinetic 
energy of the vibrational motion, and the second comes from the potential energy 
of vibrational motion (5 kx?). At room temperature, these two degrees of freedom 
are apparently not active (Fig. D—3). Why fewer degrees of freedom are “active” 
at lower temperatures was eventually explained by Einstein using quantum theory. 
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FIGURE D-2 A diatomic molecule 
can vibrate, as 1ƒ the two atoms Were 
connected by a spring. They aren't, 
but rather they exert forces on each 
other that are electrical in nature——of 
a form that resembles a spring force. 


nan 5R FIGURE D-3 Molar specific heat Cv as a 


3R 'Vibrational energy function of temperature for hydrogen molecules 
"5p (H;). As the temperature is increased, some of the 
. , 2 translational kinetic energy can be transferred In 
“ E5 109110l050100101-0PTED) 3 collisions Into rotational kinetic energy and, at 
TT n0 Ti ng VỌyn v ty Tp Vệ V 2R sữill higher temperature, into vibrational kinetic 
R and potential energy. [Note: H; dissociates Into 
Translational kinetic energy two atoms at about 3200 K, so the last part of the 
0 curve 1s shown dashed.] 
T&) 
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Solids 


The principle of equipartition of energy can be applied to solids as well. The molar 
specific heat of any solid at hiph temperature ¡s close to 3# (6.0 cal/mol-K), 
Hịg. D-4. Thịs 1s called the Dulong and Petit 0alue after the sclentists who Íirst 
measured it in 1819. (Note that Table 14—1 gave the specific heats per kilogram, 
not per mole.) At hiph temperatures, each atom apparently has six deprees of 
freedom, although some are not acfive at low temperatures. Each atom 1n a Crys- 
talline solid can vibrate about 1ts equilibrrium posifion as 1ƒ 1t were connected by 
springs to each of its neighbors (Fig. D-5). Thus ¡it can have three deprees of 
freedom for kinetic energy and three more associated with potential energy 
Of vibration mm each of the x, y, and z directions, which 1s In accord with measured 
values. 


FIGURE D-4 Molar specific heats 
of solids as a function of temperature. 
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FIGURE D-5 The atoms ïn a crystalline solid can 
vibrate about their equilibrium posifions as 1Ÿ they 
were connected to their neighbors by springs. (The 
forces between atoms are actually electrical In nature.) 


APPENDIXD Ä-2† 


gUNg 


Galilean and Lorentz 
Transformations 


e examine 1n detail the mathematics of relating quantitles In one Inertial 
\N frame to the equivalent quantities in another. In particular, we 

wIll see how positions and velocities fransƒform (that is, change) from 
one frame of reference to the other. 

W© begin with the classical, or Galilean, viewpoint. Consider two Inertial ref- 
erence frames S and S“ which are each characterized by a set of coordinate axes, 
Fig. E—1. The axes x and y (z 1s not shown) refer to S, and x' and y' refer to S“. The 
x“ and x axes overlap one another, and we assume that frame Š” moves to the 
ripht (in the x đirection) at speed ø with respect to S. For simplicity let us assume 
the origins 0 and 0 of the two reference frames are superimposed at time í = 0. 


+ 
5 
FIGURE E-T1 Inertial reference 
frame S“ moves to the right at speed 
with respect to inertial frame S. L„ xự 
: % 
0 * x 


Now consider an event that occurs at some point P (Fig. E—1) represented by 
the coordimates x', y“, z” 1nreference frame S“ at the time ”. What wIll be the coor- 
dinates of Pin S2 Since S and S” overlap precisely Initially, after a time 7, Š“ wIll 
have moved a distance œf“. Therefore, at time f”, x = x' + œí”. The yand z coordi- 
nates, on the other hand, are not altered by motion along the x axis; thus y = y“ and 
Z = z'. Einally, since time 1s assumed to be absolute in Galilean-Newtonmian physIcs, 
clocks in the two frames wIll agree with each other; so í = í. We summarIze these 
1n the following Galilean transformafion equations: 


= x +í' 


, [Gallean] (E-l) 


¬ X *x >*> 
- 


= ƒ 
These equations give the coordinates of an event in the S frame when those In the 
Š” frame are known. TỶ those in the S frame are known, then the Š” coordinates 
are obtained from 


LẺ , , 


*' = x_—ưt, y`= ÿy, z#'Ủ = #, # = t. [Galilean] 


These four equations are the “inverse” transformation, and are obtained from 
Eqs. E-1 by exchanging primed and unprimed quantities and replacing ø by —?. 
This makes sense because, as seen from the SŠ” frame, SŠ moves to the left 
(negative x direction) with speed 9. 
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Now suppose that the point P in Fig. E-1 represents an obJect that 1s 
moving. Let the components of 1s velocity vector In Š” be uy, ⁄y, and ư¿. 
(We use ¿ to distinguish it from the relative velocity of the two frames, .) Now 
uy = Ax'/AF, wy = Ay'/Af, and w; = Az'/Af', where all quantities are as 
measured 1n the Š” frame. For example, 1f at time í¡ the particle 1s at xị and a 
short time later, í;, 1t 1s at x;, then 


X2 — XỊ Ax' 
# =úi At 


The velocity of P as seen from § will have componenfs uy, uy, and u;. 
We can show how these are related to the velocity components In S” by using 
Eqs. E-1. For example, 


Ax X¿ — Xị (X; + 0f2) — (xi + ®f1) 


“g^ Wp_. ben” TY 
— (X¿T— xi) + 0 — H) 
ñ —f 
=ớ sfjic# lo 
At ng 


For the other componenfs, y = y, and ; = u;, so we have 


My = Hy + Ð 

Ủy = HỆ Gallean| (E-2) 
y y 

Hy = H;. 


These are known as the Galilean velocity transformation equafions. We see that 
the y and z components of velocity are unchanged, but the x components differ 
by ø. Thịs 1s Just what we have used before when dealing with relative velocity 
(Section 3—8). For example, 1Ÿ Š” 1s a train and S the Earth, and the train moves 
with speed 0 with respect to Earth, a person walking toward the front of the train 
with speed + will have a speed with respect to the Earth of y = uy + 9. 

The Galilean transformations, Eqs.E—1 and E-2, are accurate only when the 
velocitles Involved are not relativistic (Chapter 26)—that 1s, much less than the 
specd of light, c. We can see, for example, that the first of Eqs. E—2 will not work 
for the speed of light, c, which ¡s the same in all inertial reference frames (a basic 
postulate in the theory of relativity). That 1s, light traveling in S” with speed 
uy =c wWIllhave speed c + œ inS, according to Eq.E-—2, whereas the theory of 
relafIvity InsIsfs 1t must be c1n S. Clearly, then, a new set Of transformation equa- 
tions 1s needed to deal with relativistic velocities. 

We will derive the required equations, again looking at Eig. E—1. We assume 
the transformation 1s linear and for x is of the form 


x = Y(x' + 0f'). đ) 


That 1s, we modify the first of Eqs.E—1 by multiplying by a factor Y which 1s yet to 
be determined.” We assume the y and z equations are unchanged 


, 


ý Sỹ, #=€ 
because there 1s no length contraction 1n these directions. We will not assume a 
form for f, but wIll derive 1t. The Inverse equations must have the same form with 
® replaced by —ø. (The principle of relativity demands 1t, since Sˆ moving to the 
ripht with respect to S 1s equivalent to S moving to the left with respect to S”.) 
Therefore 


x' = 7T(x — 0Ì). (ñ) 


Suppose a light pulse leaves the common origin of § and Š“ at time í = í“ = Ú. 


TWe are NOT assuming is 1/⁄1 — 0 /c?, asin Chapter 26. Qur mỉnds are open. Lets see. 
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Then after a time f ¡it wIll have traveled along the x axis a distance x = cí (inS), 
or x' = cí'” (inS”). Therefore, from Egqs. (1) and (1) above, 
cf = x = YÍcU' + 0uf') = Y(c + Đ)f, (ii) 
cí" = x' = Y(ct — f) = Y(c — 0t. (iv) 


From Edq. (v), / =7(c — 0)(f/c), and we substitute this into Edq. (1ñ) and find 
cí = Y(c + 0)Y(c — 0)(t/c) = *(c? — 0?)t/c. We cancel out the f on each side 
and solve for 7 to find 


=.—. 
4⁄1_— ức 
We have found that 7 1s, 1n fact, the value for Y we used in Chapter 26, Eq. 26-2. 


Now that we have found 7, we need only find the relation between í and í'. 
To do so, we combine x' = 7(x — œf) with x = 7(x' + ?f'): 


Y = 


x' = T(x— 0f) = T[Y(' + f') — tí]. 


We solve for f, doing some algebra, and find í = 7{/' + »x'/c?). In summary, 


1 
——== 
1 — ?/c? 
ý ng t2 
(E-3) 
1 í E3 
fí =————|í +- |. 
1 — 0?/c? cử 


These are called the Lorentz transformation equafions. They were Ïirst pro- 
posed, in a slightly different form, by Lorenfz in 1904 to explain the nuÏl result of 
the Michelson-Morley experiment and to make Maxwell's equations take the 
same form 1n all Inertial reference frames. A year later, Einstein derived them 
independently based on his theory of relativity. Notice that not only 1s the x equa- 
tioön modified as compared to the Galilean transformation, but so 1s the ƒ equation. 
Indeed, we see directly 1n this last equation how the space and time coordinates mIx. 

The relativistically correct velocity equations are obtained using Eqs.E—3 


(we let 7 = 1/4/1— 0?/c?) and wy„ = Ax/Af, uy = Ax'/At': 


— Ax — T(Ax +uAf) — (Ax/AtP)+o 
X ` CAF  Y(AP +uAx/©) 1+ (0/e©(Ax/Ar) 
— My + Ð 
1 + 0uyx/c? 


The others are obtained in the same way, and we collect them here: 


uy + Ð 
1 + 0wx/c? 


_- #y\/1 — 0ˆ/c? tủ 
ú 1 + wyx/c? 
— WN\/l1— 0ˆ/c? 


1 + uy/c? 


My — 


The first of these equations is Eq. 26ó—11, which we used in Section 26—10 where 
we discussed how velocities do not add in our commonsense (Galilean) way, 
because of the denominator (1 + øux/c?). We can now also see that the y and z 
components of velocity are also altered and that they depend on the x“ compo- 
nent Of velocIty. 
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EXAMPLE E-1 | Length contraction. Derive the length contraction formula, 
Eq. 26-3, from the Lorentz transformation equations. 


APPROACH We consider measuremenfs in two reference frames, S and S”, that 
move with speed 0œ relative to each other, as in Eig. E-1. 


SOLUTION Let an object of length És be at rest on the x axis in S. The coordi- 
nafes of Ifs two end poinfs are x¡ and x;, so that x; — xị = Í;. At any instant 
1n S”, the end points wIll be at xị and x¿ as ø1ven by the Lorentz transformation 
equations. The leneth measuredin S'is £ = x; — xị¡. An observer In Sˆ measures 
this length by measuring x; and xị at the same time (n the §S” frame), so 
£; = ífị. Then, from the first of Eqs. E-3, 


l) = XạT— xi = (x$ + Đf$ — xị — 0l). 
1 — 0/c? 


Since í¿ = í¡, we have 
2 1 


1 0 


x2 xi — 
VU” Vì 
/,= ñ \/ J.= Uˆ/c?, 


which 1s Eq. 26—3a: the length contraction formula. 


l = 


OT 


EXAMPLE E-2 | Time dilation. Derive the time dilation formula, Eq. 26-1, 
from the Lorentz transformation equatIons. 
APPROACH Again we compare measurements In two reference frames, S and S”, 
that move with speed 0 relative to each other, Fig. E-1. 
SOLUTION The time Aï between two events that occur at the same place 
lR? = xi) 1n S” Is measured to be Afío = í¿ — í¡. Since x;¿ = xị, then from the 
last of Eqs. E-3, the time A7 between the evenfts as measured 1n S 1s 


1 ĐX; ĐxI 
Af = bị, = [5+  —Íi 5) 
1 — 0?/c? C C 
1 
` (› — H) 
4⁄1 /c 
_ Ai, 
1 — 0?/c? 


which 1s the time dilation formula, Eq.26—1. Notice that we chose S” to be the 
frame In which the two evenfts occur at the same place, so that xị = x;, and 
then the terms confaining x¡ and x¿ cancel out. 
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Answers to Odd-Numbered Problems 


Chapter 1 
1. (a) 3; 
(b)4:; 
(C) 3; 
(4)1; 
(e) 2; 
œ4: 
(6) 2. 
3. (a) 86,900; 
(b) 9100; 
(c) 0.88; 
(4) 4/6; 
(e) 0.0000362. 
5. 4.6%. 
7. 1.00 < 1075. 
9, 1%, 
11. (3.0 + 0.2) x 109cm”. 
13. (z) 1 megavolt; 
(5) 2 micrometers; 
(c) 6 kilodays; 
(đ) 18 hectobucks; 
(e) 700 nanoseconds. 
15. (z) 1.5 x 10m; 
(b) 1.5 < 108km. 
17. (a) 3.9 < 10 ”in.; 
(b) 1.0 x 10Ÿatoms. 
19. (z) 9.46 x 10m; 
(b) 6.31 x 10'AU. 
21. Soccer; 9.4 yd, 8.6 m, 9.4%. 
23. (a) 10! protons or neutrons; 
(b) 10!° protons or neutrons; 
(c) 10” protons or neutrons; 
(đ) 10” protons or neutrons. 
25. (a) 10): 
(b) 10; 
(c) 10”; 
(4) 10. 
27. 500 hr. 
29. 2.5 hr. 
31. (z) 700; 
(b) answers vary. 
33. Second method. 
35. 8.8 s. 
31. (a) L/T*, L/T”; 
(b) m/s!, m/s”. 
39. 10m. 
41. 3.3 x 10” chips/cylinder. 


43. 
45. 
A7. 
49. 
51. 
35. 


5. 


51. 
59. 


ø 


46,000 years. 

400 jelly beans. 

75 minutes. 

5 x 10 metric tons, 1 < 10Ể gai. 
3000 m. 

(z) 0.10 nm; 

(b) 1.0 x 10°fm; 

(c) 1.0 x 10!°angstroms; 
(3) 9.5 x 10® angstroms. 
(a) 3%, 3%; 

(b) 0.7%, 0.2%. 

§ x 10 ”mỶ. 

1.18 x 10?atoms/mử. 

. 4X 10°'kg, 


Chapter 2 


1. 
3. 


53m. 


0.57 cm/s, no, we need the 
đistance traveled. 


. 0.14h. 


7. (a) 350 km; 


(b) 78 km/h. 
. (4) 3.68 m/Ss; 
(b) 0. 
. 36s. 
- 1.6mm. 
. 6.00 m/s. 
, 6.1 m/$'. 
. 6.0 m/s7, 0.61gs. 


. (z) 21.2m/s; 


(b) 2.00 m/s”. 
. 1m/s”, 110m. 
. 260 m/$”. 
. 112m. 
. 44g", 


. () 130m; 


(b) 69m. 
. 21m/s. 
. 6.3 §. 
„ 0.70 m/s`. 
. 61.8m. 
. 17m/s, 14m. 
„ 1.09 s, 


+ 
tn 
¬ t2) C3) +> t2 T 
© CC CC  ~ 
J I T J > 


©c 
T 


Specd (m/s) 


0 1 2 K + bị 
Time (S) 


0 1 2 3 4 5 
Time (5) 
49. 5.21s. 
51. 12m/s. 
53. 1.6m. 
55. (4) 48 s; 
(b) 90 s to 108 s; 


(c) 0s to 42s, 65 s to 83 s, 90 s to 
108s; 


(4đ) 65 s to 83 s. 
57. (a) 0.3 m/S; 

(b) 1.2m/S; 

(c) 0.30 m/Ss; 

(4)1.4m/s; 

() —0.95 m/s. 
59. 

2.0 


1.5 


1.0 


(m/s) 


10 20 30 
-0.5 f6) 


R-27 


63. 3.1m. 
65. (a) 14.4s, no; 
(P) no, 4.6 s. 
67. (b) 4.8m; 
(c) 36 m. 
69. —20 m/sở. 
71. (a) 5.80 s; 
(b)41.4m/Ss; 
(c) 99.5 m. 
73. She should try to stop the car. 
75. 1.5 poles. 
77. 30%. 
79. 245.0 km/h. 
81. 23.7s, 840 km/h. 
§3. (z) 4.3 x 105bits; 
(b) 67%. 


Chapter 3 
1. 302 km, 13° south of west. 


Dạ 
3. 11.70 units, —33.1°. 
5. (4) 


(b) —22.8 units, 9.85 unIts; 


(c) 24.8 units, 23.4° above the 
—x aXIS. 


7. (a) 1.3 units, positive x direction; 


(b) 12.3 units, positive x direction; 


(c) 12.3 units, negative x direction. 


9. (2) x component 24.0, 
y component 11.6; 


(b) 26.7 units, 25.8°. 
11. 64.6, 53.1°. 
13. (4) 62.6, —31.0°: 
(b) 71.5, 71.9°: 
(c) 71.5, 251.99. 


15. (—2845 m, 3589 m, 2450 m), 
5190m. 


17. 3.7m. 
19. 6times farther. 
21. 14.5m. 


23. 18°, 72°. 
8 2 
Ð lãi: 
E 
5Š 1Í 
k=j 
5 05L 
mi 
0 
>0 05 I 15 2 25 


Horizontal distance (m) 


25. 2.0 m/s. 

27. (a) 30.8 m; 
(b) 5.02 s; 
(c) 136m; 
(4) 28.9 m/s. 

29. 22.3m. 

31. 4S1 m. 


33. (a) 4.0 m.s, 55° above the 
hor1zontal; 
(b) 4.6m; 
(c) 9.7 m/s, 76° below the 
hor1zontal. 


35. No, 0.81 m too low; 4.6 m to 
34.7m. 


37. (a) 4.0 < 10! m/s; 
(b)24m/s. 

39. 1.66 m/s, 25°. 

41. 23.1 s. 


43. (z) 10.4m/s, 17° above the 
hor1zontal; 


(b) 10.4 m/s, 17° below the 
hor1zontal. 


45. 5.31 west of south. 
41. (a) 56°; 

(ð) 140 s. 
49. 23 s, 23 m. 


51. 65 km/h, 58° west of north; 
65 km/h, 32° south of east. 


53. Horizontal: 3.9 m/s” leftward; 
vertical: 1.9 m/s? downward. 


5S. 0.68 s, 0.95 m. 

57. 17m/5”. 

59. (2) 9.96 s; 
(b) 531m; 
(c) 53.2m/s, —60.4m/S; 
(4) 80.5 m/Ss; 
(e) 48.6° below the horizon; 
()70.9m. 

61. ;/tan 0. 

63. (2) 13.3 m; 
(b) 22.1°. 

65. 33 m/s. 

67. 54”. 


R-28_ Answers to Odd-Numbered Problems 


69. (a2) 2.51 m/s, 61.4”; 
(b) 3.60 m downstream, 6.60 m 
across the TIver. 


71. (a) 13m; 

(b) 31° below the horizontal. 
73. (a) 68m; 

(b) 7.3 m/s. 
75. 0.51%. 


Chapter 4 


1. 77N. 
. 1450N. 
„ —1.3 x 10N, 39%, 1.3 x 10N. 
„ —3100N. 
, 780N, backward. 
11. (z) 196N, 196N; 

(b) 98.0N, 294N. 
13. Descend with downward 

a> 22m/3. 
15. —2800 m/s”, 280g's, 1.9 x 10N. 
17. (a) —7.35 m/s”; 

(b) 1290N. 
19. (z) 7.4m/s, downward; 

(b) 2100N, upward. 
21. (z) (b) 


\@ 6 Ứn Gò 


23. 1410N. 


25. (z) 31N (lower cord), 63 N (upper 
cord); 


(b) 35N (lower cord), 71 N (upper 
cord). 


27. En/Er; = 2. 
29. (a) 1.0 < 10! m/5Ẽ; 
(b) 3.3 m/s. 
31. (a) 23°; 
(b) toward the windshield. 
33. (z) 2.7m/s”; 
(b) 0.96 s; 
(c) 99 kg. 
35. 34N. 


37. 


39. 
41. 
43. 
45. 
47. 


49. 


51. 


3. 
5. 
51. 


59. 
61. 
63. 
65. 
617. 
69. 
71. 


73. 
75. 


71. 
79. 


§1. 


83. 


S5. 
87. 
89. 
91. 


93, 
95. 


97, 


(a) 0.60; 

(b) 0.53. 

42°. 

0.46. 

1200N. 

1.4. 

(4) 5.0 kg; 

(b) 1.0 x 10'kg. 
(a) 1⁄7 m/$?: 

(b) 430; 

(c) 1.7 m/s, 220. 
1.20 x 107N, ïn the đirection 


Opposite to the child”s 
velocIty. 


4.8 s. 

4.0 x 10m. 

(a) 3.67 m/s”: 

(b) 9.39 m/s. 

(a) 2.5 m/$?: 

(b) 6.3 m/s. 

—5.3 m/s:. 

4.0 x 101N. 

—2.2 m/s:. 

(a) 1.6 m/S?; 

(b) 0.53. 

0.86 m/s”. 

0.9°, 

73 m/s. 

(a) 0.67; 

(b) 6.1 m/Ss; 

(c) 15 m/s. 

4.29. 

(a) 8.76 x 101N, upward; 

(b) 1.14 x 101N; 

(c) 1.14 x 101N, downward. 

(a) 45N (101b); 

(b)37N (8.41b); 

(c) no, the fish cannot be lifted 
vertically by a 10-]b force. 


380N (between second and last 
climbers), 760 N (between first 
and second climbers). 


(2) 3.0 times her weipht; 
(b) 7.7 times his weipht; J]im. 
23 m/s (85 km/h). 

4.90 x 10N. 

(a) 0.9 m/SẼ; 

(b) 0.98 m/s“. 

(b) Yes. 

(2) 16 m/S; 

(b) 13 m/s. 

1100N, opposite to the 
velOCIty. 


3. 


5. 
57. 
59. 
61. 
63. 


65. 


Chapter 5 
. (ø) 1.01 m/s”; 


(b)22.7N. 


. 12m/s. 


13 m/s. 
34 m/s. 


. 24 m/s, yes. 

„ 8.5rpm. 

.‹ 1700 rev/day. 
. 0.210. 


. FA= 4ƒ ?(mẠTA + mprp), 


Fạ = 4mˆƒ?mạng. 


. (a) 5970N; 


(b) 379N; 
(c) 29.4 m/s. 


‹ 030m. 
‹ 50 km/h to 110 km/h. 


- đạn = 4.1m/5”, đua = 13m/5”; 


1.4. 


.„ (z) 0.930 m/s; 


(b) 2.83 m/s. 


. (a) 24.0 kg on both; 


(b) 4Đparh = 235N, 
20plane. = 288N. 


.„ 3.94 kg, 0.06 kg. 
. 1.62 m/%`. 

. 65 x 102 kg. 

, 27.4 m/S`. 

. (4) 9.78 m/SẼ; 


(b) 2.44 m/s”. 


. 96 x 107N; 2.7 x 10. 
. 2.02 x 107m. 

. 7460 m/s. 

. 2.4m/s°upward. 

. 7.05 < 10s. 

. (a) 568N; 


(b) 568N: 

(c) 699N; 

(4)440N; 

(e) 0. 

(z) 59N, away from the Moon; 
(b) 76N, toward the Moon. 
9.6 s. 

160 yr. 

84.5 min. 

2 x 10Ÿyr. 

Europa: 671 x 10km, 
Ganymede: 1070 x 10 km, 
Callisto: 1880 < 10 km. 
5.4 x 10m; yes; Pluto. 


Answers to Odd-Numbered Problems 


617. 
69. 
71. 


73. 
75. 


71. 


79. 


§1. 


83. 
S5. 


87. 
89. 


271. 
29. 


31. 
33. 
35. 
37. 
39. 


5.97 x 103m/s°, 3.56 x 107N; 
the Sun. 
28.3 m/s, 0.410 rev/s. 


0.18; no; the wall pushes against 
the riders, so by Newton'”s third 
law, they push agaInst the wall. 


09.2 m/s. 


(2) In circular motion, they 
accelerate toward each other 
without moving toward each other. 
(b) 9.6 x 10” kg. 

Yes; Vrg, where r is the radius of 
the vertical circle. 

Tiner = 2.0 X 10s, 

Töuey = 7.1 X 1085. 

(a) 3900 m/s; 

(b)4.4 x 10s. 

25.0 m/s. 

(a) 7.6 < 105m; 

(b) 3.8 x 10N; 

(e) 1.22 x 10m. 

1⁄21 x 106m. 

0.44r. 


Chapter 6 
. 2.06 x 1011. 


. (a) 2800 J; 


(b) 21001. 


. 484m/s. 
, —5.51 x 1077], 
. The lighter one, V2; both the 


Same. 


. 43 m/s. 
. 21 m/s. 
. (2) 3010N: 


(b) 7480 J; 

(c) 5.42 x 1041; 
(4) —4.67 x 10%]; 
(e) 7.51 m/s. 
1.01 m. 

(a) 9.06 x 1051; 
(b)9.06 x 1051; 
(c) yes. 
45.4m/s. 

4.89 m/s. 

74cm. 

1.4 x 105N/m. 
(2) 7.47 m/S; 
(b) 3.01 m. 


A-29 


41. 
43. 
45. 


47. 
49. 


51. 
35. 
5. 


51. 


59. 


61. 


63. 


65. 


617. 


69. 


71. 


73. 


75. 


71. 


79. 


§1. 


83. 


S5. 


87. 


89. 


91. 


93 


52m. 

12 Mg/h. 

(a) 9.19 x 1011; 
(b)433N. 

3321. 

(2) 15.3 m/Ss; 


(5) 1.03N, upward. 


0.091. 

1.4 x 10)1. 
(a) 2.8m; 
(b) 1.5m; 
(c) 1.5m. 
22.05. 

(2) 11001; 
(b) 1100W. 
2700N. 


5.3 x 101W. 
15.4W. 

33 hp. 

610W. 

14.9 m/s. 

(4) VFx/m: 

(b) W3Fx/4m. 
(a) 0.0147; 

(b) 0.039 J. 

(a) —9.0 x 101; 
(b) 8.2 x 10N; 
(c) —2.3 x 1051. 
340W. 

(a) 1.0 x 1011; 
(b) 16 m/s. 

(2) 42 m/S; 

(b) 3.2 x 105W. 
(b) 420 kWh; 

(c) 1.5 x 1091; 
(4) $50, no. 

(a) 8.9 x 1051; 
(b) 54W, 0.072 hp: 
(c) 360 W, 0.48 hp. 
(z) 0.39 m; 

(b) uy < 0.53; 
(c) 1.4m/s. 

. 1⁄7 X 100m. 


Chapter 7 


1. 
3. 
. 


0.24 kg-m/s. 
10.2 m/s. 


velocIty. 
„ —0.898 m/s. 
. 2500 m/s. 


2.9 x 101W, 38 hp. 


5.9 x 107N, opposite the gas 


11. 
13. 
15. 
17. 


19. 


21. 


23. 


25. 


21. 


29. 


31. 


33. 
35. 
37. 
39. 
4I. 


43. 


45. 


A7. 


49. 
51. 
35. 


5. 
51. 


59. 
61. 


63. 


65. 


617. 


0.99 m/s. 

4.9 x 1N. 

2230N, toward the pitcher. 
(a) 9.0 < 10! kg-m/Ss; 
(b)1.1 x 10N. 

(z) —0.16 m/s; 

(b)521N; 

(c) astronaut: 391 ]J; capsule: 26 J. 
(2) 290 kg- m/s eastward; 
(b) 290 kg-m/s westward; 
(c) 290 kg- m/s eastward; 
(4) 340N eastward. 
(2)5N-s; 

(b) 80 m/s. 

0.440-kg ball: 1.27 m/s, east; 
0.220-kg ball: 5.07 m/s, east. 


Tennis ball: 2.50 m/s; other ball: 
5.00 m/s; both in direction of 
tennis ball's initial motion. 


(a) 0.840 kg; 

(b) 0.75. 

(2) 1.7 m/s, in direction of initial 
1ncoming velocIty; 

(b) 1.2 kg. 

V2. 

Vertical: 0.15 m; hor1zontal: 0.90 m. 

21m/s. 

0.84. 

(2) 12.1 m/Ss; 

(b) 56.4 ] before, 13.7 J after. 

(2z) 920 m/s; 

(b) 0.999, 

1.14 x 10”kg-m/s, 147° from 

the electron”s momentum, 123° 

from the neutrino's momentum. 


(a) 30°; 

(Ð) Đnueleus = Đtarget — 0/V⁄3: 
(c) 2/3. 

6.5 x 10m. 

2.62 m. 


(1.2/, 0.90) relative to back left 
COTn€T. 


0.27 to the left of C. 


19% of the person'”s heipht along 
the line from shoulder to hand. 


4.3% of their heipht; no. 


(a) 4.66 x 10m from center of 
Earth. 


(a) 5.8m; 
(b) 4.0m; 
(c) 4.2 m. 


0.45 m toward Initial position of 
85-kg person. 


2.0 x 10!m. 


R-3_ Answers to Odd-Numbered Problems 


69. 
71. 


73. 
75. 
71. 
79. 


§1. 


83. 


S5. 


11. 


13. 
15. 


17. 


19. 


21. 
23. 


25. 
21. 


8. 
(2) 0A = 3.65 m/Ss, 
tp; = 4.45 m/S; 
(b) ApaA = —370kg-m/s, 
App = 370 kg-m/s. 
110 km/h + 70 mi/h. 
340 m/s. 
(a) 8.6m; 
(b5) 38 m. 
(2) „ = 3.08 m/s, y = 4.42 m/S; 
(b) 1.62 m. 
(a) 1.5 x 1011; 
(b) 38.000. 
(a) No; 
(b) mạ/mạ: 
(€) my/mạ: 


(đ) stays at rest. 


3DA.Ị : DỊ h 
Địm — 12m N... 12m , 


Chapter 8 
ĩ: 


(2) 0.785 rad, 7/4 rad; 
(P) 1.05 rad, zr/3 rad; 

(c) 1.57 rad, /2rad; 
(4) 6.28 rad, 2z rad; 

(e) 7.77 rad, 89/36 rad. 


. 5.3 x 10m. 
. (g) 750 rad/s; 


(b) 23 m/s; 
(c) 4.5 x 10” bit/s. 


„ (g) 230 rad/s; 


(b)4.0 x 10!m/s, 9.3 x 10°m/$. 


. (2) 0.105 rad/S; 


(b) 1/75 x 10'3rad/Ss; 

(c) 1.45 x 10 'rad/Ss; 

(4)0. 

(2) 464 m/S; 

(b) 185 m/S; 

(c) 345 m/s. 

3.3 x 10!rpm. 

(a) 1.5 x 10 !rad/s”; 

(b) a¿„¿ = 1⁄22 < 10 ”m/SỈ, 
đụạn = 6.2 X 10 'm/$”. 

(a) —96 rad/sẺ; 

(B) 98 rev. 

(a) 46 rev/min”; 

(5) 46 rpm. 

33m. 

(a) 0.53 rad/sẼ; 

(b)13s 

1.2m-N, clockwise. 

mg(t®; — f\), clockwise. 


29. 


31. 
33. 
35. 


37. 
39. 


41. 
43. 


45. 
47. 


49. 
51. 
35. 


5. 
51. 
59. 
61. 


63. 
65. 


617. 


69. 
71. 
73. 
75. 
71. 


79. 
§1. 


83. 


S5. 


87. 


89. 


91. 
93. 


(2) 14m-N; 

(b) =13m-N. 

0.12 kg- mử. 

1.2 x 10m. 

(z) 7.8m-N; 

(b)310N. 

22m-N. 

(a) 7.0 kg: m; 

(b) 0.70 kg - mẺ; 

(c) y axis. 

320m-N; 130N. 

(a) 1.90 x 10 kg-m?; 
(b)8.9 x 108m-N. 

31N. 

(a) a¿ = 0.69 m/s”, upward; 

ap = 0.69 m/s”, downward; 

(b) 2%. 

125 hp. 

09.70 m/s. 

(a) 2.6 < 1071; 

(b)2.7 x 103 J. 

1.63 x 101]. 

V 7 g(Rụ — nọ). 

7.27m/s. 

(a) 15 kg-m”/s; 

(b) =2.5m-N. 
Đa, 

1.2 kg- m; by pulling her arms in 
toward the center of her body. 
(2) 0.52 rad/S; 

(b) KEuetyre = 3701, 

KEaner = 2.0 X 1071. 

(2) 0.43 rad/S; 

(b) 0.80 rad/s. 

(2) 5 x 10 ˆrad/Ss; 

(b) KE; = 2 x 10!KE;. 

(3.2 x 10ˆ1%)%. 

52 kg. 
ƒa, = 480rpm, ƒ„ = 210rpm. 
4.50 m/s. 

(4) @g/@p = Ng/Ng; 

(b) 4.0; 

(c) 1.5. 

(a) 3.5 m; 

(b) 4.7 s. 


Mg\/2Rh - l? 
R-h ` 


(a) 4.841: 


(b) Fuy = 263N, F;y, = 198N. 


(a) 3g/2t. 
(b)3g. 
9/2; Ð/2. 
27h. 


95, 


29. 


31. 
33. 
35. 
37. 
39. 


41. 


(a) 820 kg -mˆ/s”; 
(b) 820m-N; 
(c) 930W. 


Chapter 9 


1. 
3. 


528N, 120° clockwise from E,. 
(2) 2.3 m from vertical support; 
(b) 4200 kg. 


. (g) F4 = 1.5 x 10N, down; 


g = 2.0 x 1N, up; 
(b) FA = 1.8 x 10N, down; 
g = 2.6 x 10N, up. 


„ 1200N. 
- Fiosr = 2900N, down; 


Flarhuey = 1300N, down. 


„ () 2.3m from the adult; 


(b) 2.5 m from the adult. 


- Hsn = 260N, Hyn, = 190N. 

‹ 20N to 50N. 

. 0.64m to ripht of fulcrum rock. 
. (2) 410N; 


(b) horizontal: 410N; 
vertical: 328 Ñ. 


. FA = 1⁄7 X 10N, 


Fạ = 7⁄7 x 10N. 


.‹ 6,0 <x 101N; the angle is small. 
. (a)230N; 


(b) 1.0 x 10N. 


- (4) 
(b) F Non = 9N, 
Ahorizonil —— 3IN, 
(c) 2.4m. 
FlGpuea = S552, right; 
Ftopveuueu = 63./7N,up; 
Ttottomwsei = 55.2N left; 
fiouom, = 63:7NÑ, up; 
7.0 kg. 
2.40. 
1600N. 
1800N. 
(b) Yes, by z; of a brick length; 
cu Ê 
()D= vn 
(4) 35 Đricks; 
(a) 1.8 x 10°N/m; 
(b) 3.5 x 10”%. 


Answers to Odd-Numbered Problems 


43. 


45. 
AI. 
49. 
51. 


35. 


5. 
51. 
59. 


61. 
63. 


65. 
617. 
69. 
71. 
73. 


75. 
71. 
79. 


8 


1 


3. 
. 
7. 


(a) 1.4 x 105N/m; 

(b) 6.9 x 107%: 

(c) 6.6 < 10 'm. 

9.0 x 107N/m, 9.0 x 10?atm. 

25 kg. 

1⁄7 x 1071. 

(a) 393N: 

(b) thicker. 

(a) 3.7 x 10°`ŠmỶ; 

(b)2.7 x 10°m. 

1.3 cm. 

12m. 

(4) Hs„ = 310N, up; 
#gm = 210N, down; 

(b) 0.65 m from right hand; 

(c) 1.2 m from right hand. 

2.9 < 10?m-N, clockwise; no. 

(a) 0.78N: 

(b) 0.98N. 

3.5 x 10“m. 

A: 230N; B: 110N. 

2.51m. 

459. 

(z) 2100N: 

(b) 1.3. 

2500N, no. 

2.6 x 10!nử. 

(z) 1.6m; 

(b) 1.2 x 10N, no. 

. (4.0 x 1019. 


Chapter 10 


.3 x 10!kg. 

710 kg. 

0.8547. 

(a) 5501 kg/mẺ. 

(b) 5497 kg/m, —0.07%. 

. (4) 6.1 <x 105N/m; 
(b) 1⁄7 x 10°N/mử. 

. ()4.5 x 100N; 
(b)4.5 x 10N. 

s 1.1, 

„ 1900 kg. 

. () 7.0 x 10°N/m; 
(5) 72m. 

. 1.60 <x 10m. 

.„ 4.0 x 107N/nử. 

- 0.57. 

. (g) 1.5 x 10ŸN; 
(b) 1.8 x 10N. 

. lron or steel. 

. 9.9 x 103mỶ. 


A-31 


31. 
33. 
35. 
37. 


39. 
41. 
43. 
45. 
47. 
49. 
51. 
35. 
57. 
59. 
61. 
63. 


65. 
617. 
69. 


71. 
73. 


75. 
71. 


79. 
§1. 
83. 
S5. 
87. 
89. 


91. 
93, 
95, 
97, 
99, 


10.5%. 

32 bottles. 

0.88. 

(a) 6.68 x 10 ”m; 
(b) 1.07: 

(c) 12%. 

9N, down, 21N, up. 
4.4m/s. 

9.6 m/s. 

4.12 x 103mỶ/s. 
1.6 x 109 N/n#. 
1.2 x 1N. 

9.7 x 10†Pa. 

2.5 m/s, 2.2 atm. 
1100N. 

§.2 x 10!Pa. 

0.094 m. 

(4) Laminar; 

(b) 2940, turbulent. 
0.89 Pa/em. 

2.4 x 10?N/m. 
(3) 7 = F/Amr; 
(b)1.7 x 102N/m. 
1.5mm. 

(a) 7.6 < 10*N; 
(b)1.3N. 


Fr„„ = 071N, 9842 g. 


(a) 1.0 < 10°3mỶ; 
(b) 4.0 x 1087; 
(e) 5.3 x 10m; 
(đ) 80 strokes. 
0.6 atm. 

1.0m. 

2 x 107Pa. 

1.89 x 10! mẻ. 
5.29 x 1013 kg, 
(2) 7.9 m/s; 

(b) 0.22 L/5: 

(c) 0.79 m/s. 
130N. 

1⁄2 x 10°N/mử. 
3.5 x 103Pa-s. 
0.27 kg. 

68%. 


Chapter 11 


1. 
3. 
. 


7. 


0.84 m. 

560 N/m. 

(z) 650N/m; 

(b) 2.1 cm, 2.6 Hz. 
0.85 kg. 


21. 


23. 
25. 


39. 


41. 
43. 
45. 


A7. 
49. 
51. 


3. 
5. 


51. 
59. 
61. 
63. 


. (3) AA= 2.5m, 4g = 3.5m; 


(b) ƒA = 0.25Hz, ƒ; = 0.50 Hz; 
(c) Tạ = 4.05, Tạ = 2.05. 


„ +70.7% of the amplitude. 
.„ 0.233 s. 
. (4)2.1m/Ss; 


(b) 1.5 m/S; 
(c) 0.541; 
(đ) x = (0.15 m) cos(4.47). 


: 43:1. 


19. 


(z) 430 N/m; 

(b) 4.6 kg. 

(a) 0.436 s, 2.29 Hz; 

(b) 0.157 m; 

(c) 32.6 m/s”; 

(4) 2.26 1; 

(e) 1.90 1. 

68.0N/m, 15.6 m. 

(2) y = (0.16 m) cos(14?); 
(b) 0.115; 

(c) 2.2m/s; 

(đ) 31 m/s”, at the release point. 


„ 3.09. 
. (4) 1.85; 


(b) 0.56 Hz. 


. Shorten 1 by 0.5 mm. 


1 


sấu 
. 2.3m/s. 
„ (4) 1400 m/s; 


(b5) 4100 m/s; 

(c) 5100 m/s. 

(z) 1400 km; 

(b) No; need readings from at 
least two other stations. 


4.8N. 

21m. 

(a) 8.7 x 10”1/mˆ-s; 
(b) 1.7 x 10!9W, 


%⁄5:1. 


440 Hz, 880 Hz, 1320 Hz, 1760 Hz. 


60 Hz, fundamental or first 
harmonic; 120 Hz, first overtone 
or second harmonic; 180 Hz, 
second overtone or third 
harmonIc. 


70 Hz. 

(a) 1.2 kg; 

(b) 0.29 kg; 

(c) 4.6 < 10kg. 
1.3m/s. 

24°. 

460Hz; ƒ < 460 Hz. 
0.11m. 


R-32_ Answers to Odd-Numbered Problems 


65. 
617. 


69. 
71. 


73. 
75. 
71. 


79. 


§1. 


83. 
85. 
87. 


19. 
. (a) 220-W: 122 dB; 45-W: 115 dB; 


35. 


Mg/k. 

(2) 1.16 ƒ; 

(b) 0.81ƒ. 

2.6 x 10 Hz. 

(z) 1.3 Hz; 

(b) 121. 

(a) 3.7 x 10N/m. 

(b) 0.50 s. 

8.40 < 102N/m. 

0.13 m/s, 0.12 m/s”; 1.2%. 

(z) 0.06 m; 

(b)7.1. 

(a) G: 784 Hz, 1180 Hz; B: 988 Hz, 
1480 Hz; 

(b)1.59: 1; 

(c) 1.26: 1; 

(4) 0.630: 1. 

221 E1Z., 

18W. 

(2) Øị„ = sin “(0ai;/Øwater) 

sin !{/®y); 

(b) 0.44m. 


lI 


Chapter 12 


1. 
3. 


430m. 
(2) 1.7 cm to 17m; 
(b)1.9 x 10”Ym. 


. (a) 0.094s; 


(b) 4.52 s. 


„ 33m. 

. 62 dB. 

. 82B. 

. 82-dB player: 1.6 x 10; 


98-đB player: 6.3 < 107. 


. (a) 790W; 


(b) 440m. 


.„ (4) 12; 


(b) 11 dB. 
130 dB. 


(5) no. 


. 80 Hz, 15,000 Hz. 
. T0 Octaves. 
„87N. 

. (a) 360 Hz; 


(b) 540 Hz. 


. 260 H¿z. 
. () 0.22m; 


(P) 1.02 m; 
(c) ƒ = 440 Hz, A = 0.78m. 
1.9%. 


37. 


39. 


41. 


43. 


45. 


A1. 
49. 
51. 


3. 


5. 


51. 
59. 
61. 


63. 
65. 
617. 


69. 


71. 
73. 
75. 
71. 


79. 
§1. 


83. 
S5. 
87. 
89. 
91. 
953, 
95. 


(a) 0.585 m; 

(b) 858 Hz. 

(a) 5Š Hz; 

(b) 190 m/s. 

(2) 253 overtones; 
(b) 253 overtones. 


4.2 cm, 8.2 cm, 11.9 em, 15.5 cm, 
18.8 cm, 22.0 em. 


b/l, = 0.64; ]/1, = 0.20; 
B›¡ = —2đB: 8; ¡ = —7dB. 
28.5 kH¿z. 

347 Hz. 

(a) 0.562 m; 

(b)0. 

(a) 343 Hz; 

(b) 1000 Hz, 1700 Hz. 
(4) 8.9 beats per second; 
(5b) 38 m. 

4.27 x 10!Hz. 

3.11 x 10Hz. 

(a) Every 1.4 s; 

(b) every 11 s. 

0.0821 m/s. 

11 km/h. 

(a) 99; 

(b) 0.58°. 

(a) 36°; 

(b) 560 m/s, 1.7. 

0.12 s. 

88 dB. 

14W. 

(a) 51 đB; 

(b)5 x 102W. 

635 H¿. 

Kạng = 0.44owest, 


ra = (-2UM1owest› 
tát = 0.UBồMowest- 


150Hz, 460 Hz, 770 Hz, 1100 Hz. 


2.35 m/s. 
2.62m. 


11.5m. 


-Í- 
1000 - 


36 Hz, 48 Hz, 61 Hz. 
106. 


Chapter 13 


1. 
3. 


Mold = 0.54SNver- 
(4) 20°C; 
(b) 3500°F. 


. 102.0°E. 


7. —40”C = —40PE. 


. 0.08m. 


11. 


13. 
15. 
17. 
19. 
21. 
23. 
25. 


21. 


29. 
31. 
33. 
35. 


37. 
39. 


41. 
43. 


45. 
A7. 
49. 


35. 
5. 
57. 


59. 
61. 
63. 
65. 
617. 
69. 


71. 


73. 
75. 


71. 


79. 
§1. 


83. 


2.2 x 10”°m; qÿ of the change for 
s(eel. 


—70°C. 

0.98%. 

—210°C. 

4.0 x 10 N/m?, 
—459.67°F. 

1.25 mỶ. 

(a) 0.2754 mỶ: 
(b) —63°C. 

(a) 22.8 m; 
(b)2.16 x 105 Pa. 
1.69 x 10 Pa. 
7.4%. 

33%. 


Actual: 0.598 kg/mỷ, ideal: 
0.588 kg/mỶ; near a phase 
change. 


1.07 em. 


55.51 mol, 
3.343 x 10” molecules. 


300 molecules/cmẺ. 
(a) 5.65 x 10 ?1]; 
(b) 3700 1. 

1.22. 

3.5 x 10 ”m/s. 


V3. 


L) 235 
(mm, _ 1.004. 


(Ðrm:)*SUr, 
VapOr. 


(a) Vapor; 

(ð) solid. 

3200 Pa. 

18°C. 

0.91 kg. 

2.5 kg. 

(z) Greater than; 
(b) (—2.0 x 109%; 
(c) 0.603%. 

(b)4 x 10”! mol/s; 
(c) 0.6 s. 

(a) Low; 

(b) (2.8 x 102)%. 
18%. 

(2) 1500 kg; 

(b) 200 kg enters. 
(a) Lower; 

(b) 0.36%. 

910 min. 

(a) 0.66 x 10” kg/mỷ; 
(b) —3.0%. 

2300m. 


Answers to Odd-Numbered Problems 


S5. 


87. 


89. 
91. 


617. 


(2z) 290 m/s; 

(b) 9.5 m/s. 

PE/KE = 8.50 x 10”, yes. 
0.30 kg. 

2.4kg. 


Chapter 14 


T 
3. 
„ 250 kg/h. 

. 6.0 x 1051. 

. (a)3.3 x 101; 


10.7°C. 
0.04 candy bars. 


(b) 5600 s. 


. 4.0  102s. 

. 42.6°C, 

, 2.3 x 101/kg-C°. 
, 43C". 

„ 0.309”, 

‹ 473 kcal. 

„7.1 < 1081. 

„ 0.18 kg. 

. (4) 5.2 x 101; 


(b) 1.5 x 1051. 


. 11.2 k]/kg. 

.Ổ 2.7. 

- 5.2, 

. 03]/s = 93W, 

. 7.5 x 10s. 

. 20 bulbs. 

. 3.1 x 10s. 

. 350 Btu/h. 

, (a) 3.2 x 109W; 


(b) 1.1 x 103 W/m°. 


. A mixture of 3 steam and § liquid 


water at 100°C. 


..Êx 

. 6.6 < 10 kcal. 

., 4.0 < 10m/. 

. 450°C. 

,0:14'.G”: 

. 1.43 x 10°m/, toward the 


Earth. 


. 19 min. 
. (a)3.4W; 


(b) 2.3 C9/s; 

(c) no, 7' > 8000°C ïn less than 
an hour; 

(4) 86°C; 

(e) conduction, convection, 
evaporation. 

(a) 3.6 < 1071; 

(b5) 63 min. 


R-33 


Chapter 15 


1. 


(a) 0; 
(b) 4.30 x 1031. 


15. 
17. 


19. 
21. 
23. 


25. 
21. 
29. 
31. 
33. 
35. 


37. 
39. 
41. 
43. 
45. 
47. 
49. 


Vq) 


. (đ) 0; 


(b) 2630 J; 
(c) rise. 


.. 1< 
13. 


(a) —821: 
(b)271; 

(c) 55J; 

(4) 281; 

(e) 16 1. 

170W. 

(a) 1.4 x 1071; 
(b) 3500 Cai. 
25.8%. 

§.8%. 


10°C decrease In the low- 
temperafure reservOIr. 


17 x 1081/h. 
1800 W, 

420°C. 

0.15. 

6.5. 

(a) 1.0 x 1087; 
(b) 1.0 x 1087; 
(c) 230 J at0°C, 390 J at —15°C. 
78L. 

—1.9 x 10*1/K. 
—1.22 x 105J/K. 
4x 1011/K. 
0.641/K. 
111/K. 

(2) 5; 


(0). 


51. 


(2) 


(r = red, o = orange, ø = preen) 


Macrostate 


Number of 
Microstates  microsfaftes 


3r,0o,0g 
2r,1o,0g 
2r,0o,1g 
1r,2o,0g 
1r,0o,2g 


1r,lo,1g 
0r,3o,0g 
0r,2o,1g 


0r,1o,2g 
0r,0o,3g 


t7 1 


TFTO TOFT OTFT 


TTP TĐT BIT 


TOO 
188 
TOĐ 
OØT 


Oro 
ST 
TEO 
gI0 


3 
3 
OOFT 3 
gøT 3 


Org 
gOT 


a 


oo0O 
gooO 
Oo88 
588 


ogo 


s98 


oog 


s50 


 ÓÒÓ) C2 


35. 
5. 
51. 


59. 
61. 


63. 
65. 


617. 
69. 


71. 


73. 


75. 
71. 


(b)z;: 

(c)š. 

70 m', yes. 

1.5 x 107W. 
(4) 2.2 x 1051; 
(b)3.6 x 1051; 
(c) P (am) 


L—Ự (m3) 


86°C. 

(a) 7.7%; 

(b) the large volume of “fuel” 
(ocean water) available. 


$0.43/n. 

(a) 44°C; 

(b)4.3 x 1021/K. 

60K. 

(a) 13 km”/day, possibly; 

(b) 73 kmử. 

(a) 0.281; 

(b) 1.01 x 107W, 2.1 x 1001, 
4.9 x 10” kcal. 

(a) 0.22 kg; 

(b) 4.5 days. 

4.6 x 106]. 

(a) —4°C; 

(b)29%. 


Chapter 16 


1. 
3. 
% 
7. 


2.7 x 103N. 
2.2 x 10N. 
(1.9 x 10”8)%. 
3.76 cm. 


R-34_ˆ Answers to Odd-Numbered Problems 


+Ø 


21. 
29. 


31. 


33. 
35. 


37. 


39. 


41. 


43. 


45. 
47. 
49. 
51. 
3. 
5. 
57. 
59. 


61. 


„ 10.1 


, —4.6 x 10C, 0. 
11. 


Hc¡ = 120N, to the left; 
Feener = 560N, to the ripht; 
Jin: = 450N, to the left. 


. 2.1 x 102 electrons. 


2 


la 


› at 61”. 


. (a) 88.8 x 10%C, 1⁄2 x 10É%C; 


(b) 91.1 x 105C, —1.1 x 10C. 


. 3.04 < 101%N, west. 
. 6.30 < 10N/C, upward. 
. 1.33 x 10!°m/s”, opposite to the 


fie1d. 


\ 


=30 
v: 


5.97 x 1012N/C, south. 


Upper right corner, 
E = 376 x 10N/C, at 45.09. 


4kQxa 
—————axz. to the left. 
(x2 — #Ƒ 
3.7 x 107N/C, 330°. 
EA= 3.0 105 N/C, at 90°; 
Epg = 7.8 x 10N/C, at 56°; yes. 
(4) 5 x 1070N; 
(b)7 x 10ˆ0N; 
(c) 6 x 10N. 
(4) —1.1 x 105N-m?/C; 
(b)0. 
8.3 x 101C, 
@)kŠ: 

r 


(b) 0; 


lI 


lổ) 
(k5; 


(đ) The shell causes the field to be 
0n the shell material. The 
charge polar1zes the shell. 


4.0 x 10. 

6.8 x 10C, negative. 

1.0 x 107 electron charges. 
5.2 x 10m, 

4.3m. 

0.14N, rightward. 

§.2 x 107C, positive. 

(a) 4 < 10! particles, 

(b)4 < 10 kg, 

9.90 x 106 N/C, downward. 


63. 
65. 
617. 


x=d(V2+1)x~ 2414. 
OEL counterclockwise. 
§.94 x 10”, 


Chapter 17 


1 
3 
5 
7 
9 
11 


13 
15 


17. 


19 


21. 


23 
25 


271. 


29 


31. 


33 


35 


37. 


39 


41. 


43 
45 


47. 


49 


5.0 x 101. 
—1.0 V. 

4030 V, plate B. 
5.78 V. 

—4.25 x 10V. 
=157V: 

9.0 x 10 m/. 


3000 V; only a small amount of 
charge was transferred. 


2.8 x 10. 
(4) 5.8 x 105V; 
(b)9.2 x 1011, 
9.15 x 10®m/. 


(2) 18 cm from — charge, on 
opposite side from + charge; 


(b) 1.6 cm from — charge, 
toward + charge, and 8.0 em 
from — charge, away Írom 
+ charge. 


(a) 1.6 x 10V; 

(b)9.9 x 10*V/m, 64°. 
4.2 x 106 V. 

(a) 27V: 

(b)2.2 x 101, or 14eV: 
() 32 1071, o—=14eV; 
(4)2.2 x 10”'8J, or 14eV. 
(a) 6.6 x 103V; 

(b)4.6 x 103V; 

(c) —=4.6 103V. 

2.6 x 10 °E. 

6.00 x 10ŠC. 

6.3 x 10 ”E. 

0.24 m°. 

9 x 10m, no. 

W;so„r —= W§go„r = 611 V, 
Ó;zo„z = 1.53 x 103C, 
sso„r = 4.16 X 103. 
4.7 x 10, 

0.5 V. 


51. 
35. 
5. 


79, 


§1. 
83. 
S5. 


87. 


89. 
91. 
93, 
95. 


9. 


4.20 x 10'”F, 0.247 mử. 

9.6 x 10ŠF. 

(a) 9 x 10 2E; 

(b)8 x 101C; 

(c) 200 V/m; 

(34 x 1011; 

(c) capacitance, charge, work 
done. 


, 1.0 x 10771/m, 
. 1110100. 

. 43,600, 

. (a) 65,536; 


(b) 16,771,216; 
(c) 16,777,216. 


. (b) 56 Hz. 
, +2.0 x 10 V/m to 


~2.0 x 10 V/m. 


. Yes, 1.3 x 102V, 
. (a) Multiplied by 2; 


(5) multiplied by 2. 


. Alpha particle, 2. 
. Left: —6.85kØ/f, top: —3.46kO/t, 


ripht: —5.15kQ/1. 


. (a) 17cm from — charge, on 


opposite side from + charge; 


(Pb) 1.1 cm from — charge, 
toward + charge, and 8.1 em 
from — charge, away Írom 
+ charge. 


(4) 311; 

(b) 5.9 x 105W. 
1.81. 

3.7 x 107C, 

(a) 6.4 < 101C; 
(b) 6.4 < 107C; 
(c) 18V: 

(4)2 x 10191, 
(a) 3.6 x 10°m/s. 
(b)2.8 x 10°m/s. 
1.7 x 106V. 

1.3 x 10C. 

16°. 

(a) 0.32 um”; 

(b) 59 megabytes. 


Chapter 18 


1. 
3. 
. 
7. 


1.00 x 10! electrons/s. 
6.2 x 10A, 

1200 V. 

(a) 28A; 

(b)8.4 x 10C. 

(z) 8.90; 

(b)1.2 x 10C. 


Answers to Odd-Numbered Problems 


. (a) 4.8 A; 


(b) 6.6 A. 


. 5.1 x 1070. 

. Yes, for length 4.0 mm. 
„ 2.0 V. 

. (a) 3.8 x 100; 


(b)1.5 x 1030; 
(c) 6.0 x 1039. 


„ TẶC”, 
. 2400°C. 
, Ñouuon = 142kO, 


Ẩ Nichrome = 1.78 kÓ. 


. 072W. 
.31V. 

. 17 x 10. 
. (a) 950W: 


(b)15O; 
(c) 9.90. 


. (2) 11A; 


(b) 1109. 


. 0.046 kWh; 6.6 cents per month. 
. 2.8 x 1061. 


41. 24 bulbs. 


.‹ 1.5m; power Increases 3ó and 


could start a fire. 


. (43) 7.2 A; 


(b) 1.7. 


„ 012A. 
. () Infinite resistance; 


(b) 96 ©. 


. (a) 930 V; 


(b)3.9A. 


. (a) 3300 W; 


(b)9.7A. 


, 6.0 < 10!°m/s. 
„2.22 A/m,, north. 
. 32 m/s (possible delay between 


nerve stimulation and øeneration 
Of action potential). 


. 9.5h. 

. 6.22 A. 

. 2.4 <x 10m. 

. $3200 per hour per meter. 
. 4.2 x 10m. 

.„ (a) 33 Hz; 


(b) 0.990 A; 
(c) V = (33.6 sin 210/) V. 


. 2.25. 
- (b) As large as possible. 
. (4) 7.4hp; 


(b) 220 km. 


. 1⁄7 x 10 'm, 


. 32 increase. 


A-35 


83. (2) IẠ = 033A, Tạ = 343A; 
(b) Rạ = 3600, Rp; = 3.6O; 
(c) A = 122 x 1C, 
Óg = 1.2 x 10C; 
(4) EA = Ey = 1.4 x 101; 
(e) Bulb B. 
85. (2) 4 < 1051; 
(b)2 x 10m. 
87. (a) 12W; 
(b) 4.6 W. 
89. 1.34 < 100. 
V 


91.ƒ=1——- 
/ W 


Chapter 19 
1. (z) 5.92 V; 
(b) 5.99 V. 
3. 0.034 O; 0.093 O. 
5. (4) 330 O; 
(b)8.9O. 
y3 
9, Connect 18 resistors 1n series; then 


measure voltagø€ acrOSS 
7 COnS€CUfIV€ S€T1I©S T©SISfOTS. 


11. 0.3 Q. 
13. 560 O, 0.020. 
15. 32 O. 
17. 140 Ò. 
19. 12R. 
21. 4.8 kO. 
23. 55 V. 
25. 0.35 A. 
27. 0. 
29. (a) 34 V; 
(b) 85-V battery: 82 V; 
45-V battery: 43 V. 
31. 7¡ = 0.08 A, left; 7; = 0.33 A, left. 
33. (a) 6/R: 
(b) R. 
35. 0.71A. 
37. 3 parallel sets, each with 100 cells 
1n S€TI€S. 
39. 3.71 x 10E. 
41. 2.0 x 10'”F, yes. 
43. 1.90 x 10 8Ein parallel, 
1⁄7 x 10”Fin series. 
45. 2:1. 
47. In parallel, 750 pE. 
49. 29.3 uEF, 5.7 HE. 
51. (a)šC; 
(5); = Q;= CV, @; = CV, 
Q, =ŠCV: Vị = V, = $Y, 
lá 2W, tt: 
53. 1.0 x 100. 


A-36 


55. 7.44 x 10s. 


% 
(b) l 1 2R' 1b = 0; 
l R 
——> 
h 
5| R 
ó 
(c) 2%. 


59. (a) 2.9 x 10A; 
(b) 8.8 x 1090. 

61. Add 710 On series with ammeter, 
290/V. 


63. 9.60 x 10A, 4.8 V; 
current: +20%, voltase: —20%. 

65. 9.6 V. 

67. Put 9.0 kÖ in series with the body. 

6ứ. 2É, ÿG, G1G, G5, šG: 
›C, 4C. 

71. 9.2 x 1010. 

73. (a) 3.6 Ô; 
(b)14W. 

77. 600 cells; 0.54 m”, 4 banks in 
parallel, each containing 150 cells 
1n S€TI€S. 


79. (a) 6.0 Ô; 
(b)2.2 V. 
81. 11 V. 
83. 100 O. 
87. 9.00. 
89. Ó¡;„r = 1/0 x 10C, 
OØ&„r = 4.1 X 10C. 
91. (a) 1.9 x 101; 
(b)4.0 x 10Š1; 
(c) „= 16C; Ó; = 3.3 uC. 


ŒC; 
93, G; = e6 
2 1 


95. (2) In parallel; 
(b) 7.7 pE to 35 pFE. 


Answers to Odd-Numbered Problems 


97. Q¡ = 11C, Wị = 11V; 
O; = 13C, W; = 6.3V; 
Ó; = 13C, W; = 5.2V. 


Chapter 20 


1. (z) 5.8N/m; 
(b) 3.3N/m. 
3. 13N. 
S2 so 
7. (a) South pole; 
(b)3.86 A; 
(c) 8.50 x 102N. 
9. 56 x 10#N, north. 
11. 0.24T. 
13. (z) To the ripht; 
(b) downward; 
(c) into the page. 
15. (z) 6.0 x 10°m/s; 
(b)3.6 x 10 ”m; 
(c) 3.8 x 1077. 
17. 0.59m. 
19. Fproton/ Felecron = 42.8. 
21. 1.97 x 10m. 
23. (a) Sign determines polarity but 
not magnitude of Hall emf. 
(b) 0.56 m/s. 
25. 2.9 x 10T, about 5.8 times 
larger. 
27. 7.8 x 1077N, toward other wire. 


31. 5.1 x 10N, toward wire. 

33. 3.8 x 10'T, 17° below 
hor1zontal. 

35. (a) (2.0 x 10 5T/A)(1 — 25 A); 
(b) (2.0 x 10ŠT/A)(1 + 25 A). 


37. 
TẠ Nà, 


lo ⁄ 


% 


39. 15 A, downward. 


41. 


§1. 


87. 
89. 


91. 


u(02T‹m/A) Ø ® 


Closer wire: 4.4 x 10?N/m, 
attract; farther wIre: 
2.2 x 10”N/m, repel. 


. 466 x 10'T. 

. 119A. 

. 0.12N. south. 

. (c) No; inversely as distance from 


center of toroid:  œ 1/R. 


„ 118T. 
. 69/7A. 
. 1.87 x 105 V/m; perpendicular to 


velocity and magnetic field, and in 
Opposite direction to magnetIc 
force on profOons. 


, 1.3 x 103m; 6.5 x 10 'm. 
59. 
I0; b 


1H nucleus or 2He nucleus. 


80 
60 
40 


0 2 4 6 § 
Bo(0†T) 


J L 
10 12 14 


. 2.7 X 10'?T, upward. 
. 0.30N, northerly, 68° above 


hor1zontal. 


, 7.7 x 10ÉN. 


1.1 x 10 ”m/s, west. 
2bạl 
TT: 


› to the left. 


. They wIll exit above or below 


second tube; 52°. 
—2.1 x 1091. 


,r = 5.3 x 10m, 


p= 3.43 x 10'm. 
1.9 x 10T. 
53.0mng 

tB 


› to the left. 


. (g) Negative; 


§ qB (d4? + 8) 

@)———— 

1.2 A; downward. 

(a)M: 5.8 x 10 “N/m, upward; 
N: 3.4 x 10 *N/m, at 300; 
P: 3.4 x 10*N/m, at 240°: 

(b)1.75 x 10T, at —14°. 

49 x 10°%T, Bụ, ~ 006p. 


Chapter 21 


1. 
3. 


560 V. 


Counterclockwise. 


11. 


13. 
15. 


17. 


69. 


. 0:20 V. 
Ổ (a) 1.0 x 1072Wb; 


(b) 48”; 
(c) 6.7 x 103Wb. 


. (4) 1.73 x 102V; 


(b) 0.114 V/m, downward. 

(a) 0; 

(b) clockwise; 

(c) counterclockwise; 

(đ) clockwise. 

0.65 mV, easft or west. 

(2) Magnetic force on current in 
moving bar, B”u/R: 

(b) Bˆu°/R. 

(a) 0.17 V; 

(b)7.1 x 103A; 

(c) 7.5 x 107N, to the right. 


;9.23C. 

. (z) 810 V; 

(5b) double the rotation frequency. 
.‹ l7 rotations per second. 

. 02 V. 

. 1⁄71 x 10”turns. 

. Ís = 0.211. 

. () 6.2 V; 


(b) step-down. 


. 450V,56A. 

. 6 x 10m. 

. 55MW. 

, 6.0 V, 

„ 0.10H. 

. ()1.5 x 102H; 


(b) 75 turns. 


. 46m, 21 km; 0.70 kO. 
s23. 

, 5 x 1011. 

. 3.7, 

. (4) 2.3; 


(b)4.6; 
(c) 6.9. 


. 3300 Hz. 
, 16 x 1010, 1.47 x 102A. 
. (a) 7400 ©; 


(b) 0.38 A. 


. (a) 3.6 x 100; 


(b)3.7 x 100. 


. 205 Ô. 
. 270 Hz; the voltages are out of 


phase. 


„ (a) 1.77 x 102A; 


(b) —12.6°; 
(c) V¿ = 117V, Wẹ = 26.1 V. 
3.6 x 105Hz. 


Answers to Odd-Numbered Problems 


71. 


73. 


75. 
71. 
79. 
§1. 


S5. 


87. 
89. 
91. 


1N tai G 


(a) 13 x 10 ”E; 

(b)37A. 

(a) 0.032 H; 

(b) 0.032 A; 

(c) 16 „]. 

6.01 x 1031. 

Coil radius = 1.5 em, 10,000 turns. 
200 kV. 

(a) 41 kV; 

(5) 31 MW; 

(c) 1.0 MW; 

(4) 30 MW. 

Put a 98-mH Inductor 1n serles 
with it. 

82 V. 

93 mH. 

2. 


Chapter 22 


1. 
. 1⁄7 x 10 V/m/s. 

. 2.4 x 10T, 

. 00.0 kHz, 2.33 V/m, along the 


1.1 x 10 V/m/s. 


hor1zontal north-south line. 


32:8; 

. 4.20 x 107m, violet visible light. 
. 2.00 x 10!9Hz. 

- (4) 1.319 x 102m; 


(b)2.5 x 1018 Hz. 


, 4.0 < 101m, 

. 9600 wavelengths; 3.54 x 10”s. 
„ 1.6  105revolutions/s. 

.„ 3.02 x 107s. 

. 5.7W/mỶ, 46 V/m. 

, 4.51 x 105]. 

. 3.80 x 105W. 

„7.3 x 107N/m”; 7.3 x 101N 


away from bulb. 


. 400 m. 
. 0.1óm. 
. Channel 2: 5.56 m, 


Channel 51: 0.434 m. 


. 15 x 107, 
. (a) 1.3 x 10H; 


(b)9.9 x 10, 


. 6.25 x 10V/m; 


1.04 x 109 W/m2. 


- TS. 

„ 1.36 s; Inside. 

. 5.00 < 102. 

. 13V/m, 4.4 x 101. 
. (g) 1.2 x 101]; 


(b) 8.7 x 105 V/m, 2.9 x 10T. 


R-37 


S. 
51. 


59. 
61. 


61 km. 

(a) 2.8 x 101/s; 
(b) 1.0 V/m; 

(c) 1.0 V; 

(4)2.0 x 102V. 
6 x 109W. 

35 kW. 


Chapter 23 


VỆ 
9, 
11. 


4.0 x 10 5 mử. 
10.5 cm. 
(4) dị  —5 em; 


A-38 


- 5.7m. 
„ 2.0 em behind ball”s front surface; 


virtual; upright. 


. 1.0m. 
. () Concave; 


(b) upright, virtual, and 
magnified; 
(c) 1.40 m. 


25. 
21. 
29. 
31. 
33. 
35. 
37. 
39. 


ÁI. 


1.31. 
1.0. 
50.1?. 
38.6°. 
81.9. 


61.0, crown glass. 


At least 93.5 cm away. 
(2) 1.4; 

(b) no; 

(c) 1.9. 

(z) ~ 500 mm; 


43. 


45. 


4. 


49. 


51. 


5. 
5. 
51. 
59. 


61. 


(b) 478 mm. 

(z) 3.08 D, converging; 
(b) —0.148 m, diverging. 
(z) 106 mm; 

(b5) 109 mm; 

(c) 117mm; 

(4) 513 mm. 

(a) 37 cm behind lens; 
(b) +2.3x. 


dị = —6.67 cm behind lens, virtual 
and upright, h¡ = 0.534 mm. 


(z) 70.0 mm; 

(b) 30.0 mm. 

64 em. 

21.3 cm or 64.7 cm from obJect. 
0.105 m; 5.8m. 


18.5 cm beyond second lens; 
—0.651% (mnverted). 


(2) 10 cm beyond second lens; 
(b) —1.0X; 
(c) 


Lens A 


Answers to Odd-Numbered Problems 


63. 
65. 
G1. 
69. 
71. 
73. 
75. 


71. 
79. 
§1. 
83. 


85. 
89. 


—29 cm. 

9.0 cm. 

0.34 m. 

1.25s. 

6.04 m. 

1.58, lipht flint glass. 

(z) Convex; 

(b) 25 cm behind mirror; 

(c) —110 em; 

(4) —220 cm. 

679. 

9em, 12 cm. 

n > 1.60. 

(z) —0.33 mm; 

(5) —0.47 mm; 

(c) —0.98 mm. 

Left: converging; right: diverging. 
6.0 cm from object, between 1t and 
lens. 


Chapter 24 


. 5.4 < 10 ”m. 

. 6.3 x 10”m, 4.8 x 10#Hz. 
- 17 and 64. 

, 1.5 x 10 'm. 

. 3.1 cm. 


l 


13. 
15. 
17. 
19. 
21. 
23. 
25. 
21. 


29. 
31. 


33. 
35. 
37. 


Original Shifted 
pattern  pattern 


2.2 x 10m. 
14mm. 

570 nm. 

0:23": 

1.8°. 

1.0 x 10 m. 
7.38 x 10 ?m. 
(2) À; 

(b) 400 nm. 
3.4 x 10m. 


Entire pattern ¡s shifted, with 
central maxIimum at 28.0” to the 
normal. 


330 nm. 
556 nm. 
490 nm, 610 nm, 640 nm, 650 nm. 


39. (3.0 x 101). 
41. Second order. 
43. 7140 slits/cm. 
45. 0.6878 cm. 
47. 230 nm. 
49. 9 lenses. 
51. 33 dark bands. 
533. 110nm; 230 nm. 
5S. 462 nm. 
57. 691 nm. 
59. 1.004328. 
61. Š7.3°. 
63. 48.1%. 
65. No; for diamond, Øp = 59.42. 
67. 61.2°. 
69. 36.9°; 48.8°; 53.1. 
71. 28° relative to first polar1zer. 
73. (a) 1.3 < 10m; 
(b)3.9 x 10””m. 
75. H: 13.7°;Ne: 13.5°; Ar: 14.5°. 
77. 480 nm. 


79. À; > 600nm overlaps with 
Às < 467 nm. 


81. (z) 82nm; 

(5) 130 nm. 
83. 4.8 x 10'm. 
85. 3.19 x 10 'm. 
87. 5S0 nm. 
89. 0.6 m. 
91. ó58nm; 782 slits/cm. 
93. 400 nm, 600 nm. 
95. (4) 0; 

(b) 0.11; 

(c) 0. 


Chapter 25 
1. ƒ/8. 


3. 3.00 mm to 46 mm. 
5. 110mm; 220 mm. 
7. 5.lm to mnfÏimty. 
9. 16mm. 
11. ƒ/2.5. 
13. 1.1. 
15. (a) —1.2D; 
(b) 35 cm. 
17. —S3D; —7.1D. 
19. (a) 2.0cm; 
(b) 1.9 cm. 
21. 18.4cm, 1.00 m. 
23. 1.6%. 
25. 6.2 cm from lens, 4.0%. 


21. 


29. 
31. 
33. 
35. 
37. 
39. 


41. 
43. 
45. 
A1. 


49. 


51. 


35. 
5. 
51. 
59. 


61. 


63. 


65. 
617. 


69. 
71. 
73. 


75. 


71. 
79. 
§1. 
83. 
S5. 
87. 
89. 


(a) 3.6%; 

(5) 14mm; 

(c) 6.9 cm. 

4 cm toward contract. 

—29X: 85 cm. 

25 cm. 

—22x. 

110%. 

Objective: 1.09 m; 

eyeplece: 0.9 cm. 

3.0m. 

(4.0 x 10). 

520x. 

(a) (9.00 x 10)x; 

(b) eyeplece: 1.8 cm; 
objective, 0.300 cm; 

(c) 0.306 em from objective. 

(a) 14cm; 

(b) 130%. 

(z) Converging; 

(b) 281 cm. 

(154 x10}. 

1.7 x 10m. 

1.0 x 10m. 


§.5 cm, 6.2 x 105 rad (distance of 


2.4 km). 

(4) 53.85; 

(b) 0.19 nm. 

(4) 1X; 

(b)1X% (at back of body) to 
2.7% (at front of body). 

Đã, 

(a) 1.8 x 10'm; 

(b) 23”; atmospheric effects and 
aberrations In the eye. 

0.82 mm. 

8.2. 

—0.75 D (upper part), 

+2.0D (lower part). 

(a) =2.8X; 

(b) +5.5-D lens. 

+3.9D. 

4.8 x 101 C?/min. 

=l5%. 


Chapter 26 


1. 
3. 


83.9 m. 
351 ly. 
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5. 0.70c. 
7. (a) 0.141c; 


41. 


43. 


A1. 
49. 


51. 
3. 
5. 


51. 
59. 
61. 
63. 


617. 


(b) 0.140c. 


. () 6.92m, 1.35 m; 


(b) 13.9 s; 
(c) 0.720c; 
(4) 13.9s. 


. (g) 3.6 VI; 


(b) 7.0 yn. 


- (6.97 x 10”3)%. 
. 0.9716c. 
,Ô (ø) —1.1%; 


(b) —34%. 


. 0.95. 

. 8209 x 1011, 0.512 MeV. 
. 1000 kg. 

. 5.36 x 10kg. 

. 1.6GeV/c. 

. (a) 5.4 GeV; 


(b) 5.4 GeV/c. 


. 0.86óc, 0.886 MeV/c. 

. 9.0 x 1081; 9.2 x 10kg. 
. 1.30 MeV/c2. 

. 0.33%c. 

. () 0.866c; 


(b) 0.745c. 
(a) 1.8 < 101; 
(b) —1.7%. 
2m _ 0: 
VI-0/c` ` 
1 
= 1Ì: 
0.69c. 
(z) 0.959c; 
(b) 0.36c. 
0.962c. 
0.3c. 
(a) 0.66c; 
(b) 6.5 y. 
0.91c. 
1.022 MeV. 
0.79 MeV. 
(z) 4 < 10”kg/s; 
(b)4 x 10 yr; 
(1x 108yr. 
5.38 x 102kg; (1.5 x 10°3)%. 


41. 
43. 


45. 


A1. 
49. 


1840. 

(z) 4 < 10m; 

(b)1 x 10m; 

(c) 3.9 x 10m. 

6.4 x 10m; yes; 

much less than 5 cm; no. 
22 V. 

(2) Absorption; final state; 


(b) largest energy photon; 
KE (b) emission, initial state; 
(c) absorption, final state. 
ãI1l.m = 5 to n =3. 
Lên 6 53. (z) 486 nm; 
(5) 103 nm; 
(c) 434 nm. 
s 55. 91.2 nm. 
T1. 0.981c. 57. Yes; rom øñ = l1 to n= 3. 
73. 1.7 x 10”!]; ~20X greater. sọ 
75. (a) 15m; 
(5) 42 mm. : Continuum " 
Ễ : : =5 
77. (a) 0.986c; - —165 = ẳ 
(b) lạ —5Xx10 Xe -13.6 n=3 
79. Yes, in barn”s reference frame, If 
: : l F : S 
his speed 1s >0.639c; no, in boy”s ® _3206 e2 
reference frame. ồn 
81. 8.0 x 1078s, 5 
m 
Chapter 27 £ 
1. 62 x 10°C/kg. 
3. 5 electrons. 
5. (4) 10.6 m, far infrared; -12 „=1 
(5) 940 nm, near infrared; 61. —0.544eV. 
(c) 0.7 mm, microwave. 63. Yes; (7.30 < 10'3)c, 
7. 5.4 < 107”, 0.34 eV. 1/y = 0.99997, 
9. 935 x 10 “m, 65. 1.20 x 102m, —4.22 x 1071. 
11. 27 x 101 to 5.0 x 10], 67. 328 x 1015Hz. 
TH lộ _. KN 69. 4.4 < 10” photons/s. 
n m: Si rỂx dào * 71. 5.5 < 10! photons/s. 
AM : 
: T3. (a) 17 eV; 
19. 429 nm. b)3.0eV 
21. (a) 2.3 eV; 02 thời: 
(b) 0.85 V. 75. 0.34 MeV for both. 
` ợ -14 
23. 0.92eV; 5.7 x 10 m/s. TH SÁU Đt HỘ, . TH, 
25 (4) 0.78eV: 79. 4.40 x 10: Ves. 
(b) no ejected electrons. 81. 0.32 V. 
21. 3.32 eV. 83. 40 x 10 “W/m?: 
~2 
31. (a) 2.43 x 10m; 17 x 10 ^V/m. 
(b) 1.32 x 101m. 85. 8.2 x 10'm, 
33. 2.62 MeV. §7. 3.5 x 10m. 
35. 212MeV; 5.86 x 10m. 89. 1200 m/s. 
37. 1.592 MeV, 7.81 x 10 m. 91. Paschen series, level 4. 
39. 4.7 <x 10m. 93. 1.8 x 10! C/kg. 
R-40_ Answers to Odd-Numbered Problems 


95. E, 


2.84 x 1015 J 
n Ễ 
t, = w [5.16 x 10” m} 


not apparent. 


Chapter 28 


. 4.5 x 10 ”m. 

. 5.3 x 10m, 

. 7x 10eV. 

„ 3.00 x 1019eV/c2, 

. Electron: 1.5 x 10m; 


baseball: 9.7 x 10 3m; 
AXeleetron/ ÂXbaseball =15X 107. 


11. 7700m/s; 1.7 x 10 eV. 

13. 5.53 x 109m, 

15. ƒ = 0, 1, 2, 3, 4, 5. 

17. 14 electrons. 

19. (2) (1,0,0, —3), (1,0,0, +), 
(2,0,0, — _ (2,0,0, +), 
(2,1, —1,—2), (2,1, =1, +2); 

®)(,0, 0,0, — Đã Í1,Ủ,: +5) 

(2,0,0, — Rc, (2,0,0, +?), 
(2,1, —1,—}), (2,1, —1, +}, 
THỜNG `9 (2,1,0,+9) 
(2,1,1, —)), (2,1,1, +3), 
(3,0,0, —?),(3,0,0, +3), 
(3,1, —1, —)). 


21. 
23. 


25. 


271. 


31. 
33. 
37. 
39. 


41. 
43. 
45. 
AT. L 
49. 


51. 
3. 
51. 
59. 
61. 


12, or 3.65 < 103tJ-s. 
n>4; 3<f=n_— ]; 

"y = — „ T TT 

(a) 15^2572p°3s”3p53d454s”; 

(b) 15”2572pẼ3s”3p53d194s24p$; 
(c) 1522572p°3s”3p534194s24p55s°. 
(4) 5: 

(5) —0.544eV; 

(c) V6ñ, 2; 

tJ)<2, <1 01v 

n=3, =2. 

4.36 x 10m; 1 x 10m. 
1.798 x 10m. 


6.12 x 10! m; partial shielding 
by øñ = 2 shell. 


0.017 1, 5.5 x 10! photons. 
634 nm. 
n>7, f= 6, mạ = 2. 

max “” = V30, Tmin = Ö. 


5.275 x 10”kg-m/s, 
1.257 x 10 ”m. 


5.75 x 10m, 115 keV. 

22 electrons. 

Lpoxr = 2Ï; Lạm = 0 or V2. 
3.7 x 10” m. 


APelectron/ Â Pproton = 0.0234. 


63. 1.95 x 10 ”Šm/s; yes; 10s. 
65. COpper. 


Chapter 29 


1. 5.1 eV. 
3. HN: 110 pm, CN: 150pm, 
NO: 133 pm. 
5. 4.6 eV. 
9. 1.10 x 10m. 
11. 5.22 x 10m. 
13. (z) 680 N/m; 
(b)2.1 x 10m. 
15. 0.315 nm. 
17. 2.0eV. 
19. À < 1.7m. 
21. 1.2 x 10 electrons. 
23. 3 x 10/. 
25. 1.7eV. 
27. 14 V. 
29. 7.3mA. 
31. (2z) 5.1mA; 
(b) 3.6 mA. 


35. 0.65 V. 
37. (a) 130; 
(b) 8700. 
39. (a) 3.1 x 10*K; 
(b) 930 K. 
41. (a) —5.3eV; 
(b) 4.4eV. 
43. 1.94 x 10“ kg- m. 
45. 6.03 x 10 ?eV. 
47. A < 3.5 x 107m. 
49. Yes; 1.11 x 10 °m. 
51. 980 J/mol. 


Chapter 30 


1. 0.149u. 

3. 0.855%. 

5. 3727 MeV/c?. 

7. (a) 180m; 
(b)3.5 x 10%. 

9, 30 MeV. 


Output 


11. 


13. 
15. 
17. 
19. 


21. 
25. 
21. 


29. 
31. 
33. 
35. 


37. 


39. 
4I. 
43. 


45. 
A1. 
49. 


51. 
53. 
5. 
51. 
59. 
61. 
63. 
65. 


617. 
69. 
71. 


73. 


75. 


6.0 < 10” nucleons; no; 
all nucleons have about the 
same mass. 


550 MeV. 
7.699 MeV/nucleon. 
12.42 MeV. 


1 Na: 8.113 MeV/nucleon; 
1Na: 8.063 MeV/nucleon. 


(b) Yes, binding energy 1s positive. 


0.782 MeV. 

(2) emitter; 

(b)TÌNa —> ?Mg + 8 +, 
5.515 MeV. 

2.822 MeV. 

œ: 6.114MeV; @'!: 0.2259 MeV. 

10.8 MeV. 

Eor both: KEma„ = 0.9612 MeV, 

KEmin = Ö. 

KE;eeoi = 0.0718 MeV, 

ÓO =427MeV. 

1.2h. 

2.5 x 10? decays/s. 

(a) 3.60 x 1012 decays/Ss; 

(b) 3.58 x 10? decays/Ss; 

(c) 1.34 x 10 decays/s. 

7 œparticles; 4 8” particles. 

0.91 g, 

(a) 1.38 x 10731: 

(b) 3.73 x 10” decays/min. 

86 decays/s. 

1.78 x 10yr. 

7900 vr. 

15.8 d. 

Ñp = MÍ1 - e3. 

2.6 x 10!yr. 

41 gr. 

3.0 x 10m, 

4.2x nuclear radius. 

13K: 0.16 mg; 72K: 1.3 g. 

2.71 x 101g, 

(a) 4.6 < 101 decays/s; 

(b) 1.24 x 10! decays/s. 

(a) 0.002603 u, 2.425 MeV/c”; 

(b)0, 0; 


(c) —0.090739u, —84.52 MeV/c?; 


(đ) 0.043930 u, 40.92 MeV/c; 
()A>0for0<Z<8 
and Z > 85; 
A <0 for 9< Z<&4; 
A>0for0<A<t1s 
and A > 218; 
A <0 for l6< A< 218. 


0.2 decays/s. 
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71. 


79. 


§1. 


83. 
S5. 


1N tứai Gò 


21. 
31. 


33. 
35. 
37. 
39. 
4I. 
43. 


4A. 
49. 
51. 


35. 
S. 


51. 
59. 


(z) 180m; 
(5) 13 km. 


(2) There would be no atoms— 
Jjust neutrons; 


(b) 0.083%. 
1.1 x 10fyr, 
13 decays/s. 
(b) 98.2%. 


Chapter 31 


1. 
.„ Yes, Q > (0. 
. 18.000937u. 
. (a) Yes; 


28A1- /2—- 28G¡ 
3A; ; 1ạSi. 


(b) 20.4 MeV. 


. 4.730 MeV. 
„n+N — l4C + p, 0.626 MeV. 
. () He picks up a neutron from C; 


(b) 2C: 
(c) 1.856 MeV; exothermic. 


. S./02 MeV released. 
„ 126.5 MeV. 

. 1/1100. 

„ () 5 neutrons; 


(b) 171.1 MeV. 


- 1100 kp. 
. 260 MeV; about 30% > fission 


energy released. 

300 eV. 

(a) a: 6.03 x 10 MeV/g; 
b: 4.89 x 10®MeV/g; 
c:2.11 x 10!MeV/g; 


(b) 5.13 x 103 MeV/g; 
a: 0.6851; b: 1.05; c: 0.243. 
0.39 g. 
5.6 x 10°kg/h. 
2.46 x 10”?J; 50x > gasoline. 
7000 rads. 
144 rads. 
(z) 1.0 rad, or 0.010 Gy; 
(b) 1.0 x 10!” protons. 
5.61 x 109kg, 
9.78 x 10!5e-, 
(a) 2 < 107§v/wr, 
2 x 10rem/yr; 
(2 x 10) x allowed dose; 
(b)2 x 10°9§v/wr, 
2 x 10*rem/yr; 
(2 x 103) x allowed dose. 
7.041 m; radio wave. 
(2) '%C: 
(b) 5.702 MeV. 
1.0043 :1. 
6.6 <x 10”rem/wr. 


61. 


63. 


65. 
617. 


69. 
71. 
73. 


75. 


(2z) “§Ra —> ?He + “4Rn; 

(b) 4.871 MeV; 

(c) 190.6 MeV/c for both; 

(2)8.78 x 10 ”MeV. 

(a) 3.7 < 109W; 

(b) 3.5 x 10°8 protons/s; 

(e) 1.1 x 101yr, 

8 x 1021. 

(2) 3700 decays/s; 

(b) 4.0 x 10'§v/wr; 

11% of background. 

7.274 MeV. 

990 kg. 

(2) Xe; 

(b) 2 neutrons escape or are 
absorbed, 1 causes another 
fission; 

(c) 176.0 MeV. 


Most to least dangerous: 
C>B>A. 


Chapter 32 


1. 
. 13 x 107Hz. 


25. 


21. 
29. 


1 Ớứ 


5.59 GeV. 


2.0T. 


. Alpha particles; 


Àa = Cnueleon › Àp c 2đ lnucleon - 


. 0.0 MeV/rev. 

. 33.0 MeV. 

. 1879.2 MeV. 

. 67.5 MeV. 

, 1.32 x 10m, 

. 143 x 10m. 

. First, second, and fourth wIll not 


happen. 

(2a) 37.8 MeV; 

(b) KEp = 5.4MeV, 
KE„- = 32.4 MeV. 

9 x 103MeV. 

7.5 x 10”1s, 


31. (z) 700 eV; 
(b) 150 MeV. 
33. 8 x 10 ”s. 
35. (z) udd; 
(b)udd; 
(c) uds; 
(2) uds. 
37. cu. 
39. zrJ ¬ 
——¬ — 
_ HỆ 
ưu d uud 
KỶ>— ¬_—— 
TT P 
41. 16 GeV; 7.8 x 10m. 


43. 


45. 
47. 


63 


1 
3 


(a) 1.022 MeV: 
(b) 1876.6 MeV. 
1.2 x 109m, 4.0 x 101s. 
(a2) Possible, strong interaction; 
(b) possible, strong Interaction; 
(c) possible, strong Interaction; 
(đ) not possible; charge 1s not 
conserved; 

(c) possible, weak interaction. 
. 103m corresponds to 200 Ge V. 
.„ 64 fundamental fermions. 
. (b) 109K. 
. /798.7MeV. 
. 9.3 x 10!9eV; 

1.3 x 10m, 0.99995%c. 
. (đ) 7 

(b) 1ụ. 
. 10s, 


Chapter 33 


.„ 3.1 ly. 
‹ Less than; by a factor of 2. 


N-32_ Answers to Odd-Numbered Problems 


39. 
41. 


43. 
45. 


47. 


49. 


51. 


, 2. 10Ỷkg/mẺ. 
, 4.2 x 10 ”rad, or 2.4°; 


about 4.5 Moon”s width. 


. 1.83 x 10”kg/m?; 


3.33 x 10” times larger. 


. (a) 0.018"; 


(b) (5.0 x 10”9)°. 


. 280 Vy. 

. DỊ/D, = 0.13. 
.3 x 10m. 

. 540. 

.3.1 x 10 '“m, 
. 2.1 x 10ly. 

. () 0.3 nm; 


(5) 3.2 nm. 


„ 0.058c. 

. 9x 10°ly, 

. 6.8 x 107 ly, 

. 1.1 x 10m. 
„ 6 nucleons/mẺ. 
,Ô (4) 10Ỷs; 


(b) 107 7s; 
(e) 10s. 
0.2 rev/s. 


A: Tincreases, L doesn't change, 
S1Ze decreases. 


B: 7unchanged, Ù decreases, size 
decreases. 


C: 7'decreases, Ù, increases, s1ze 
1ncreases. 


17 x 105W. 

400 ly; rsun/đEarn-sun = 2 X 107, 
Fsun/ Galaxy =4x 103. 

(a) (9 x 10%?; 

(b)4m. 

(2) 13.93 MeV; 

(b) 4.71 MeV; 

(c) 5.46 x 101K. 

í, = 5.38 x 10s, 
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Note: The abbreviation đeƒ means the page cited gIves the definition of the term; 
ƒ means the reference 1s In a footnote; r means If Is found in a Problem or Question; 
ƒƒ means “also the following pages.” 


A (atomic mass number), 858 
Aberration: 
chromatic, 725 ƒn, 728, 732 
of lenses, 727-28, 729, 731 
spherical, 650, 727, 728, 732 
Absolute pressure, 264 
Absolute space, 746, 748 
Absolute temperature scale, 
362, 368 
Absolute time, 746 
Absolute zero, 368, 424 
kinetic energy near, 376 
Absorbed dose, 900 
Absorption lines, 692—93, 787, 
S38 
Absorption spectrum, 692-093, 
787, 838 
Absorption wavelength, 793 
Abundaneces, natural, 858 
Ac (defn), 514 
Ác cireuits, 514-15, 526 ƒn, 
611-16 
Ác generator, 597, 599 
Ac motor, 577 
Accademia del Cimento, 361 
Accelerating reference frames, 
77, 80, A-16-A-18 
Acceleration, 26-38, 40, 58-63 
angular, 201—-4, 208-12 
average, 26-27, 40 
centripetal, 110 ƒƒ 
consftant, 28-38 
constant angular, 203-4 
Coriolis, A-17-A-18 
cosmiec, Ø76_—77 
Of expansion of the unIverse, 
976—77 
as a function of time (SHM), 
301 
1n ø 3s, 37 
due to gravity, 33-38, 5§-63, 
79 ƒn, 84, 121-22 
Instantaneous (đeƒn), 26, 40 
of the Moon, 112, 119 
motion at constant, 28-38, 
58-64 
radial, 110 ƒ#, 118 
related to force, 78-80 
of simple harmonic oscillator, 
301 
and slope, 40 
tangential, 118, 201-3 
uniform, 28-38, 58-64 
velocity vs., 27 


Accelerators, particle, 916-21 
Accelerometer, 92 
Acceptor level, 845 
Accommodation of eye, 719 
Accuracy, 8 
Precision vs., 8 
Achromatie doublet, 728 
Achromatic lens, 728 
Actinides, S17 
Action at a đistance, 119 
Action potential, 518-19 
Action-reaction (Newton”s 
third law), 81-83 
Activation, on an LCD screen, 
491 
Activation energy, 377, 833, 
834 
Active galactic nuclei (AGN), 
951 
Active matrix, 492 
Active solar heating, 435 
Activity, 870 
and half-life, 872 
source, 900 
ADC, 48§-89 
Addition of vectors, 50-57, 87, 
450 
Addition of velocIties: 
classical, 65-66 
relativistic, 764 
Addressing pixels, 491—-92 
Adenine, 460 
Adhesion (deƒfn), 281-82 
Adiabatic processes, 415—16 
ADP 833 
AFsipnal, 637 
AFEM, 786 
AGN, 951 
ATr circulation, underground, 
278 
Air columns, vibrations Of, 
337-40 
Air conditioners, 425-27 
ATr gap, 694 
Arr pollution, 434-35 
Air resistance, 33 
Airplane: 
noIse, 333 
wing, 277 
Airy disk, 729 
AlIgebra, review of, A-3-A-6 
Alkali metals, S17 
Allowed transitions, 814, 
838-39 


Alpenhorn, 358 pr 
Alpha decay, 86466, 869 
and tunneling, 876 
AlIpha particle (or ray), 786-87, 
§64-66 
Alternating current (ae), 
514-15, 526 ƒn,611—16 
Alternators, 598 
AM, 737 
AM radio, 637 
Amino acids, 836-—37 
Ammeter, 54ó-48, 576 
digital, 546, 548 
connecting, 547 
resistance, effect of, 547-48 
Amorphous solids, 840 
Ampère, André, 504, 573 
Ampere (A) (unit), 504, 572 
operational definition of, 
572 
Ampere-hour (A-h) (unit), 
505 
Ampères law, 573-75, 626—27 
Amplifiers, S50-51 
Amplitude, 294, 306, 319 
1ntensity related to, 333 
of vibration, 294 
Of wave, 294, 306, 310, 319, 
333, 804-6 
Amplitude modulation (AM), 
637 
Analog meters, 546-48, 576 
Analog signals, 4S8—89, 604 
Analog-to-dipital converter 
(ADC), 488-89 
Analyzer (of polarized light), 
700 
Anderson, Carl, 924 
Andromeda, 950, 983 pr 
Aneroid barometer, 266 
Aneroid gauge, 266 
Angle, 11 ƒ¡, 199 
attack, 277 
Brewster”s, 702, 710 pr 
critical, 659 
of dịp, 562 
ofineidence (đeƒn), 313, 317, 
645, 657 
phase, 615 
polarizing, 702 
radian measure of, 199-200 
of reflection (đeƒn), 313, 645 
of refraction, 317, 657 
solid, 11 ƒ 


Angstrom (Ä) (unit), 20 pr, 
685 ƒn 
Angular acceleration, 201-4, 
208-12 
average, 201 
constant, 203-4 
1nstantaneous, 201 
Angular displacement, 200, 302 
Angular magnification, 722 
Angular momentum, 215-18, 
789, 795 
in atoms, 789, 812-14 
conservation, law of, 215-17, 
869 
quantized In atoms, 81213 
quantized in molecules, 
837-38 
vector, 218 
Angular position, 199 
Angular quanftities, 199 ƒƒ 
vector nature, 217-18 
Angular velocity, 200-3 
averaøge, 200 
Instantaneous, 200 
Animals, and sound waves, 309 
Anisotropy of CMB, 968, 977 
Amnihilation of electrons, 781, 
925, 971-72 
Anode, 490 
Antenna, 627-28, 631, 638 
Anthropic principle, 979 
Antiatoms, 925 
Anticodon, 836 
Antilock brakes, 116 
Antilogarithm, A-3, A-11 
Antimatter, 925, 941, 943 pr 
(see aiso Antiparticle) 
Antineutrino, 867-68, 930 
Antineutron, 925 
Antinodes, 315, 337, 338, 339 
Antiparticle, 868, 924-26, 
930-31 (see also 
Antimatter) 
Antiproton, 924-25, 934 
Antiquark, 930-31, 934-35, 936 
Apparent briphtness, 951-52, 
95S 
Apparent weight, 124-25, 270 
Apparent weightlessness, 
124-25 
Approximations, 8, 13-15 
Arago, E., 687 
Archeological dating, Š75 
Arches, 246-49 


A-43 


Archimedes, 268-70 

Archimedes' principle, 268—72 
and geolosy, 272 

Area, 12, A-1, inside back cover 
unđer a curve or graph, 142, 

176-—77 
Arecibo radiotelescope, 643 pr, 

731 
Aristotle, 2, 76 
Armature, 577, 597 
Arteriosclerosis, 280 
Artificial radioactivity, 863 
ASA number, 715 ƒn 
Asteroids, 135 pr, 136 pr, 

196 pr, 228 pr 
Astigmatism, 720, 727 
Astronomrcal telescope, 650, 

1724-25, 743 pr 
Astrophysics, 916, 947 ƒƒ 
Asymptotic freedom, 937 
ATLAS, 921, 939 
Atmosphere (atm) (unit), 264 
Atmosphere, scattering of light 

by, 704 
Atmospheric pressure, 264, 

266-67 

decrease with altitude, 264 
Atom, model of, 445 
Atom trap, 802 pr 
Atomic bomb, 893-94, 897 
Atomic density, S59 
Atomic emissilon spectra, 

692~93, 787—89 
Atomic force microscope 

(AEFM), 786 
Atomic mass, 360 
Atomic mass number (4), 858 
Atomic mass unit, unified, 10, 

360, 860 
Atomic number (Z), 815, 

S17-19, 858 
Atomic spectra, 7687-89, 792~94 
Atomic structure: 

Bohr model of, 789-95, 

S03-4, S11-12 

of complex atoms, 816—17 
early models o£, 786-87 

of hydrogen atoms, 812-14 
of multielectron atoms, 

S16-17 

nuclear model of, 787 
planetary model of, 787 
quantum mechanics of, 

S03-24 

shells and subshells in, 

S16-17 
Atomic theory of matter, 

359-61, 443 
Atomic weipht, 360 
AtomHzer, 277 
Atoms, 359-61, 372~77, 786-96, 

916ƒn 

angular momentum ¡n, 789, 
S12-14 
binding enersy In, 791 


A-44 


Index 


Bohr model of, 789-95 
as cloud, S11 
complex, 815—17 
crystal lattIce of, 840 
and de Broglies hypothesIs, 
795-96 
đistance between, 361 
electric charge In, 445 
energy levels in, 7869-95, 
812-13, 815-16, 818 
hydrogen, 7867-96, 812-14 
1On1zation energy In, 791—94 
multielectron, S15—17 
neutral, 860 
probability distributions In, 
805, 811 
quantum mechanics of, 
803-24 
shells and subshells In, 
816-17 
(see aiso Atomrc structure; 
Kinetic theory) 
ATE 833 
Attack angle, 277 
Attractive forces, 832-33, 922 
Atwood machine, 91, 225 pr 
Audible range, 329 
Audible sound, frequency o£, 
329, 334-35 
Audiofrequency (AF) signal, 637 
Aurora borealis, 569 
Autofocusing camera, 330 
Autoradiography, 904 
Average acceleration (đefn), 
26-27, 40 
Average angular acceleration, 
201 
Average angular velocity, 200 
Average specd (đeƒn), 23-24. 376 
Average velocity (defn), 23-25, 
28, 39 
Avogadro, Amedeo, 372 
Avogadro's hypothesis, 372 
Avogadro's number, 372~73 
AxiIs of lens, 661 
AxXis Of rotatlon (đeƒn), 199 
forces tilting, 208 
Axon, 517-19 


Back, forces In, 238-39 
Back emf, 599-600 
Background radiation, cosmic 
microwave, 967-70, 973, 
974, 977-78 
Backlight, 491 
Bacterium, 785 
Bainbridge-type mass 
spectrometer, 578 
Balance, human, 240 
Ballistic galvanometer, 624 pr 
Ballistic pendulum, 181 
Balloons: 
helium, 272, 371 
hot-air, 43 pr, 359, 389 pr 
Balmer, J. J., 788 


Balmer formula, 789, 792 
Balmer series, 788, 792-093 
Band øgap, 842-43 
Band spectra, 837 
Band theory of solids, 842-43 
and doped semiconductOors, 
845 
Bandwidth, 489 
Banking of curves, 115—17 
Bar (unit), 264, 267 
Bar codes, 822 
Barometer, 266-67 
Barrel distortion, 728 
Barrier, Coulomb, 876, 954-5S 
Barrier tunneling, Š76—77 
Baryon, 930-31, 935, 936-38, 
976-78 
decay, 931 
and quark theory, 934-35 
Baryon number, 926-27, 
930-31, 933-35, 940, Ø71 
conservation o£, 927 
Base, of transistor, 850 
Base bias voltage, 850 
Base quantities, 10 
Base semiconductor, S50 
Base units (deƒn), 10 
Baseball, 68 pr, 70 pr, 74 pr, 
102 pr, 138, 220 pr, 278 
posItlon uncertainty, 809 
Baseball curve, and Bernoulli's 
pmncriple, 278 
Bases, nucleotide, 460-61, 
S34-36 
Basketball, 73 pr, 102 pr 
Battery, 476, 502-3, 505, 507, 527 
automobile, charging, 
536-37, 604 
chargers, inductive, 604 
electric, 502~3 
jump starting, 536—37 
lithiuim-Ion, 504 
rechargeable, 604 
symbol, 504, 526 
voltaic, 502 
Bayer mosalc, 714, 717 
Beam splitter, 698 
Beams, 235—36, 245—47 
Bear sling, 105, 252 
Beat frequency, 343 
Beats, 342-43 
Becquerel, Henri, 863 
Becquerel (Bq) (unit), 900 
Bel (unit), 331 
Bell, Alexander Graham, 331 
Benzene ring, 849 
Bernoulli, Daniel, 274-75 
Bernoulls equation, 274-79 
Bernoullfs principle, 74-78 
Beta decay, 863-64, 866-68, 
869, 873, 938 
1nverse, 956 
Beta particle (or ray), 864, 8ó6 
(see also Electron) 
Bethe, Hans, 896 


Biasing and bias voltage, 
845-46, 850-51 
Biceps, and torque, 238, 255 pr 
Bicycle, 205, 218, 227 pr, 229 pr 
Bicycle gears, 227 pr 
Big Bang theory, S01 pr, 941, 
947, 964. 966—79 
Big crunch, 975 
Bimetallic strip, 362 
Bimetallic-strip thermometer, 
362 
Binary code, 604 
Binary numbers, 488 
Binary system, 956-57, 963 
Binding energy: 
1n atoms, 791 
for Iron, 862 
in molecules, 830, 832-343, 
834-35 
of nuclei, Só0-62 
1n solids, S40 
total, 769 pr, 861 
Binding energy per nucleon 
(deƒn). 861, 894 
Binoculars, 660, 725 
Binomial expansion, 753, 755, 
763, A-1, A-6—A-7, Inside 
back cover 
Biochemical analysis by 
Spectroscopy, 693 
Biological damage by 
rađiation, 899 
Biological development, and 
entropy, 430-31 
Bipolar Junction transistor, 
850-51 
Birth and death of stars, 9554-57 
Bismuth-strontium-calcium- 
copper oxide (BSCCO), 
517 
Bit depth, 488-89 
Bit-line, 605 
Bits, 604 
Black holes, 136 pr, 951, 956, 
962-63, 975 
Blackbody, 774 
Blackbody radiation, 774, 952, 
968 
Blinking flashers, 542 
Blood flow, 274, 280, 282-83, 
28Spr 
convection by, 402 
rate, 584 pr 
TLAs and, 278 
Blood-flow measurement, 
electromagnetic, 596 
Blood-flow meter, Doppler, 
347, 358 pr 
Blood pressure, measuring, 
280, 283, 288 pr, 289 pr, 
290 pr 
Blood transfusion, 288 7r, 
289 pr 
Blue sky, 704 
Blueshift, 965 


Body, human: 
balance, 240 
energy In, 418-19 
heat loss from, 402, 404 
metabolism, 418-19 
(see also Muscles and Joints; 
specific topics) 
Body fat, 287 pr 
Body parts, CM of, 186-87 
Body temperature, 363, 400 
Bohr, Niels, 782, 789, 795, 803, 
S11, 867 
Bohr model of atom, 789-95, 
S03-4, 811, 812 
Bohr radius, 790, 811 
Bohr theory, 803, S11, 812 
Boiling, 380 (see also Phase, 
changes of) 
Boiling point, 362, 380, 
397 table 
Boltzmamn, Ludwig, 432 
Boltzmamn constant, 372 
Bomb: 
atomic, 893-094, 897 
fission, 893~94 
fusion, 897 
hydrogen, 897 
Bomb calorimeter, 396, 
409 pr 
Bond (deƒfn), 829-31 
covalent, 830, 831-32, 840 
dipole-dipole, 834 
dipole-induced dipole, 834 
hydrogen, 460, 461, 834-37 
1onic, 831, 833, 840 
metallic, 840 
molecular, 829-32 
partially Ionic and covalent, 
§31-32 
1n solids, 840-41 
strong, 829-32, 834-35, 840 
van đer Waals, 834-37 
weak, 460, 461, 834-327, 840 
Bond energy, 830, 834-35 
Bond length, 854 pr 
Bonding: 
1n molecules, 829-32 
1n solids, 840-41 
Bone density, measuring, 780 
Born, Max, 805 
Bose, Satyendranath, 816 
Bosons, 816, 930-31, 935-36 
Bottom quark, 931 ƒ, 9334-35 
Boundary layer, 276 
Bow wave, 348-49 
Boyle, Robert, 368 
Boyle”s law, 368, 374 
Braces, and forces on teeth, 
231 
Brags,W. H., 734 
Bragg, W. L., 734 
Bragg equation, 734 
Brags peak, 904 
Bragg scattering of X-rays, 824 
Brahe, Iycho, 125 


Brakes: 
antilock, 116 
hydraulic, 265 
Braking a car, 32, 116, 145 
LED lights to signal, 848 
Branes, 942 
Break-even (fusion), 898 
Breakdown voltage, 477 
Breaking point, 241 
Breaking the sound barrler, 349 
Breath, molecules In, 373 
Breeder reactor, 892 
Bremsstrahlung, 819 
Brewster, D., 702 
Brewster”s angle and law, 702, 
710 pr 
Bridge circuit, 556 pr 
Bridge collapse, 304 
Bridge-type full-wave rectifier, 
853 pr 
Briphtness, apparent, 951-53, 
958 
British engineering system of 
umis, 10 
Broglie, Louis de, 782, 795—96 
Bronchoscope, 660 
Brown, Robert, 360 
Brownian motion, 360 
Brunelleschi, Filippo, 248 
Brushes, 577, 597 
BSCCO, 517 
Bu (unit), 391 
Bubble chamber, 878, 925 
Building dampers, 303 
Building materials, ®-values 
for, 402, 410 pr 
Bulk modulus, 242, 244-45, 309 
Buoyancy, 268-72 
center of, 291 pr 
Buoyant force, 268-—72 
Burglar alarms, 778 
Burning (= fusion), 954 ƒn 
Burning out, motor, 600 
Burns, 487 
Bytes, 488 


Cable television, 639 
Calculator errors, 7 
Caloric, 391 
Calorles (cal) (unit), 391 
measuring, 396 
relation to Joule, 391 
working off, 392 
Calorimeter, 396, 409 pr, 
877-78 
Calorimetry, 394-400 
Camera, digital and film, 
713-18 
adjustments, 715 
autofocusing, 330 
gamma, 905 
pinhole, 742 pr 
Camera flash unit, 4Só-87 
Cancer, 899, 903-4, 917 
Candles, standard, 957, 958 


Cantilever, 235 
Capacitance, 482-87 
đerivation of, 485 
Capacifive reactance, 613 
Capacitor charging, 539-41 


CapaciItor discharging, 541-42, 


627 
CapacItors, 482-87, 612—13, 
S47, 851 
1n circuits, 538-43, 613 
energy stored in, 48ó-87 
as filters, 613 
as power backup, 484 
reactanee of, 613 
with ® or L, 539-43, 610 ƒƒ 
1n series and In parallel, 
3538-39 
symbol, 526 
uses of, 482, 613 
Capacity, 482-87 
Capillaries, 274, 282 
Capillarity, 281-82 
Capture, electron, 868 
Car (see also specific parfS): 
battery charging, 536-37 
brake liphts, 848 
efficlency, 422 
electric, 604 
flywheel, 229 pr 
1gnition system, 602 
jump starting, 536—37 
power needs, 160 
skidding, 116 
starter, 573 
stopping of, 32, 145 
windshield wipers, 
1ntermittent, 543 
Carbon (CNO) cycle, 896, 
912 pr, 914 pr 
Carbon dating, 874-76 
Carbon dioxide emissilons, 
offset o£, 442 pr 
Carbon footprint, 434 
Carbon I1sotopes, 858 
Carnot,N. L. Sadi, 422 
Carnot cycle, 423 
Carnot efficiency, 422~24 
and second law of 
thermodynamics, 422-24 
Carnot engine, 422~24 
Carousel, 198, 201, 202 
Carrler frequency, 637 
Carrier of force, 016, 922-24, 
936 
Carry, forces, 922 
Caruso, Enrico, 304 
Cassegrainian focus, 725 
CAT scan, 735-36, 905-6 
Catalysts, S34 
Cathedrals, 247-48 
Cathode, 490 
Cathode ray tube (CRT), 
490-92 
Cathode rays, 490, 772—73 (see 
also Electron) 


Causal laws, 128 
Causality, 128 
Cavendish, Henry, 120-21 
cCCD, 714 
CD player, 822 
CDs, 20 pr, 43 pr, 48 pr, 226 pr, 
489, 605, 822 
CDE, 878 
CDM model of unIverse, 
977—78 
CDMA cell phone, 639 
Celestial sphere, 125 
Cell: 
electric, 505, 527 
solar (photovoltaic), 435, 
556 pr, 847 
Cell (biological): 
ATTP and energy In, 833-34 
pressure on, 264 
radiation taken up by, 900 
Cell phone, 318, 602, 604, 631, 
639 
Celsius temperature scale, 362 
Center of buoyancy, 291 pr 
Center of gravity (CG), 166, 
240 
Center of mass (CM), 184-689 
for human body, 186 
and moment of inertia, 209, 
213-14 
and sport, 153 
and statics, 233 
and translational motion, 
187-89 
Centi- (prefix), 10 
Centigrade temperature scale, 
362 
Centiliter (cL) (unit), 10 
Centimeter (cm) (unit), 10 
Centipoise (cP) (unit), 279 
Centrifugal (pseudo) force, 
113, A-16-A-17 
Centrifugal pump, 282 
Centrifuge, 204 
Centripeftal acceleration, 110 ƒƒ 
Centripetal force, 112 
Cepheid variables, 958, 980 pr 
CERN, 919, 920, 924, 939, 942 
ŒG (center of gravity), 186, 240 
Cøs system of unifs, 10 
Chadwick, James, 858, 913 pr 
Chain reaction, 890-091, 893-94 
Chamberlain, Owen, 925 
Chandrasekhar limit, 955 
Change of phase (or state), 
377-§1, 397-400 
Change In a quantity, 23 
Characteristic expansion time, 
967 
Characteristic X-rays, 818 
Charge-coupled device (CCD), 
714 
Charge density, 465 
Charging, capacitor, 539-41 
Charging a battery, 53ó-37 


Index -45 


Charging by conduction, 
4406-47 
Charging by induction, 446-47, 
604 
Charles, Jacques, 368 
Charles”s law, 368 
Charm, 931 ƒ¡, 933—-35 
Charm quark, 934 
Chart of the Nuclides, 857 
Chemical analysIs by 
spectroscopy, 693 
Chemical bonds, 829_-37 
Chemical lasers, 822 
Chemical reactions, rate of, 377 
Chemical shift, 907 
Chernobyl, 892, 912 pr, 913 pr 
Chimney, and Bernoulli effect, 
278 
Chip, computer, 19 pr, 829, 
845, 851 
Cholesterol, 280 
Chord, 39, 200 ƒ 
Chromatic aberration, 725 ƒn, 
728, 732 
Chromodynamics, quantum 
(OCD), 923, 937-39 
Chromosomes, 460 
Circle of confusion, 716 
Circle of least confusion, 727 
Circuit, dipital, SŠ1 
Circuit, electric (sec Electric 
CircuIfs) 
Circuit breaker, 512-143, 
544-45, 573, 607 
Circular apertures, 728-30 
Circular motion, 110-18 
nonuniform, 118 
and simple harmonic motion, 
299-300 
uniform, 110-15 
Circular standing wave, as 
electron wave, 795-96 
Circulating pump, 282 
Classical physIcs (đeƒn), 2, 745, 
S04 
Clausius, R. J. E., 420, 428 
Clausius statement of second 
law of thermodynamics, 
420, 423 pr, 425 
Clock, pendulum, 302 
Cloning, 462 
Closed system (đeƒn), 394 
Closed tube, 338 
Clothing: 
dark vs. lipht, 403 
1nsulating properties of, 401 
Cloud, electron, 811, 814, 
830-32 
Cloud chamber, 182, 878 
Cloud color, 704 
Clusters, of palaxies, 950, 974, 
977 
OŸ stars, 950 
CM, 184-809 (see also Center of 
mass) 
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CMEB, 967-70, 973, 974, 77-78 
CMB anisotropy, 968, 977 
CMB uniformity, 974 
CMOS, 714, 921 
CNO cydle, 6896, 912 pr, 914 pr 
CO molecule, 838-39 
Coal, energy In, vs. uranium, 
893 
Coating of lenses, optical, 
697-98 
Coaxial cable, 586 pr, 631 
COBE, 949, 968 
Codon, 836 
Coefficient: 
of kinetic friction, 93-94 
of linear expansion, 364-65 
of performance (COP), 426, 
427 
Of static friction, 93-94 
of thermail expansion, 364 
Of viscosity, 279 
of volume expansion, 364, 
366 
Coherence, 68S 
Coherent light, 685, 820-23 
Cohesion, 281-82 
Coil (se Inductor) 
Cold dark matter (CDM) 
model of universe, Ø77—78 
Collector (of transistor), 850 
Collider Detector at Fermilab 
(CDF), 878 
Colliding beams, 920-21 
Collimated beam, 735, 905 ƒn 
Collimated gamma-ray 
đetector, 905 
Collision: 
completely inelastic, 180 
conservafion of energy and 
momentum In, 173-75, 
177-84 
elastic, 178-80, 183 
and impulse, 176-—77 
inelastic, 178, 180-82 
nuclear, 180, 182-83 
in two đimensions, 182~83 
Colloids, 261 
Colonoscope, 660 
Color: 
1n digital camera, 714 
of lipght related to frequency 
and wavelenpth, 682, 
685-87, 696-97 
of quarks, 936—37 
Of star, 774, 952-53 
1n thin soap film, 696—97 
1n visible spectrum, 686 
Color charge, 936ó—37 
Color-ceorrected lens, 728 
Color force, 937, 939-40 
Color sereens, 490-091 
Coma, 727 
Comets, 135 pr 
Common logarithms, 
A-10-A-11 


Commutative property, 51 
Commutator, 577, 597-98 
Compact disc (or disk) (CD), 
20 pr, 43 pr, 48 pr, 226 pr, 
489, 822 
Compact disc (CD) player, 822 
Compass, magnetic, 560-63, 
570 
Complementarity, principle o£, 
782 
Complementary metal oxide 
semiconductor (CMOS), 
714, 921 
Complete circuit, 504 
Completely inelastic collisions, 
180 
Complex atoms, 815—17 
Complex wave, 341 
Components of vector, 53-57 
Composite particles, 930-31, 
937ƒn 
Composite wave, 340 
Composition resistor, 506 
Compound lenses, 728 
Compound microscope, 726-27 
Compound nucleus, 889 
Compound semiconductors, 
S47 
Compounds, 360 
Organic, 849 
Compressed, digital data, 489 
Compression (longitudinal 
wave), 307, 309 
Compressive strength, 245 
Compressive stress, 243—44 
Compton, A. H., 780, 890 
Compton effect, 780, 781, 899 
Compton shift, 780 
Compton wavelength, 780, 
800 pr 
Computed tomography (CT), 
7735-36, 905~6 
Computer: 
and digital information, 604 
disks, 604—5 
hard drive, 19 pr, 222 pr 
keyboard, 4§4 
memory, 500 ?r 
monmitor, 490-92, 703-4 
printers, 462—63 
Computer chips, 19 pr, 829, 
845, 851 
Computer-assisted tomography 
(CAT), 735-36, 905—6 
Computer1zed axial 
tomography (CAT), 
735-36, 905-6 
Concave mirror, 649, 653-54, 
725 
Concentration gradient, 382, 
400 ƒn 
Concrete, prestressed and 
reinforced, 246 
Condensation, 379 
Condensed-matter physics, 840 


Condenser, 482 
Condenser microphone, 484 
Conductance, 523 pr 
Conduction: 
charging by, 44ó—47 
electrical, 445, 501-48 
of heat, 400-2 
1n nervous system, Š17-19 
to skin, 410 pr 
Conduction band, 842~43 
Conduction current (deƒn), 627 
Conduction electrons, 445 
Conductive layer, 849 
Conductivity: 
electrical, 508, 517 
thermal, 400-1 
Conductors: 
charge of, 845 
electric, 445, 459, 501-2, 
504 ƒ 
heat, 401 
quantum theory o£, 842-43 
Cones, 719 
Configuration, electron, 816—17 
1n fusion, 897—-98 
of quarks, 937, Ø71 
Conservaftion of energy, 
150-58, 394-96, 413-109, 
776, 865, 867, 869, 926-28 
1n collisions, 173-75 
1n an isolated system, 394-96 
Conservation laws, 138, 150-51 
of angular momentum, 
215-17, 869 
apparent violation of, in beta 
decay, 867 
of baryon number, 927, 940, 
971 
and collisions, 173-75, 
177-84 
of electric charge, 444, 869, 
926 
1n elementary particle 
1nteractions, 923, 926-28 
of energy, 150-58, 394-96, 
413-19, 776, 865, 867, 869, 
926-28 
1n Isolated systems, 394-96 
of lepton number, 927, 940, 
971 
of linear momentum, 173-84, 
869 
of mechanical energy, 150-55 
of momentum, 173-84, 
926-28 
1n nuclear and particle 
physics, 869, 926—27 
1n nuclear processes, S67 
of nucleon number, 869, 
926-268, 931 
Of strangeness, 933 
Conservative forces, 149-51 
Conserved quantIty, 138, 150 
Constant acceleration, 28-38, 
58-64 


Constant angular acceleration, 
203-4 
Constant-volume gas 
thermometer, 363 
Constants, values of: inside 
front cover 
Consfructfive interference, 
313-14, 341-43, 683 ƒƒ, 697, 
830 
Contact, thermal, 363 
Contact force, 76, 84, 87 
Contact lenses, 721 
Continent, 272, 289 pr 
Continental drift, 272, 289 pr 
Continuify, equation o£, 273 
Continuous laser, 822 
Continuous spectrum, 692, 774 
Continuous wave, 306 
Contrast, 733 
Control rods, 891 
Convection, 402 
Conventional current (deƒfn), 
505 
Conventions, sign (geometric 
optics), 653, 655, 665 
Converging lens, 661 ƒƒ 
Conversion factors, 11, Iinside 
fronft cover 
Converting units, 11—12 
Convex mirror, 649, 655-56 
Cooksey, Donald, 917 
Coordinate axes, 22 
COP, 426, 427 
Copenhagen interpretation of 
quantum mechanics, S11 
Copernicus, NÑicolaus, 3, 125 
Copler, electrostatic, 454, 
462-63 
Cord, tension In, 89 
Cordless phone, 604 
Core, of reactor, 892 
Coriolis acceleration, 
A-17-A-18 
Coriolis effect, A-17-A-18 
Coriolis force, A-17, A-18 
Cornea, 719 
Corrective lenses, 719-21 
Correspondence principle, 765, 
795, 804 
Cosine, 54, A-8 
Cosmic acceleration, 976—77 
Cosmic Background Explorer 
(COBE), 949, 968 
Cosmic microwave background 
radiation (CMB), 967-70, 
973, 974, Ø77-78 
anisotropy of, 968, 977 
uniformity of, 968, 974 
Cosmic rays, 916 
Cosmological constant, 77-78 
Cosmological model, 70-78 
Cosmological principle, 966 
perfect, 967 
Cosmological redshift, 965 
Cosmology, 941, 947—79 


Coulomb, Charles, 447 
Coulomb (C) (unit), 448, 572 
operational definition o£, 572 

Coulomb barrler, 876, 954-5S 

Coulomb force, 450, 461 

Coulomb potential (deƒn), 479 

Coulomb°s law, 447-53, 463-64, 
626, 628, 790, 864 

vector form of, 450-53 

Counter emf, 599-600 

Counter torque, 600 

Counters, 877-78 

Counterweipht, 91 

Covalent bond, 830, 831-32, 
8340 

Cowan, Clyde, 928 ƒn 

Creativity In sclence, 2—3 

Credit card reader, 606 

Crest, wave, 306, 313-14 

Crick, E., 735 

Critical angle, 659 

Critical damping, 303 

Critical density, of unIverse, 
975 

Critical mass, 891—94 

Critical point, 377 

Critical reaction, 891-94 

Critical temperature, 377, 517 

CTross section, 888-89 

Crossed Polaroids, 700-1 

CRIT; 490-92 

Crysfal, liquid, 261, 378 

Crystal lattice, 360, 840 

Crystalline solids, 840 

Crystallography, 734 

CT scan, 735-36, 905—6 

Curie, Marie, 863 

Curie, Pierre, 863 

Curie (Cï) (unit), 900 

Curie temperature, 579 

Current, electric (se Electric 
current) 

Current, induced, 590 ƒf 

Current gain, 851 

Current sensitivity, 546 

Curvature of field, 727 

Curvature of space, 961—63, 
974-7S 

Curvature of universe 
(space-time), 961—63, 
974-7S 

Curveball, 278 

Curves, banking of, 115-17 

Cutoff wavelength, 818-19 

Cycle (deƒn), 294 

Cyclotron, 588 ør, 917-19 

Cyclotron frequency, 5ó8, 918 

Cygnus X-1, 963 

Cytosine, 460 


đa Vinci, Leonardo, 4 

DAẠC, 489, 559 pr 

Damage, done by radiation, 
899 

Dampers, building, 303 


Damping and damped 
harmonic motion, 303 
Dante, 321 pr 
Dark energy, 916, 926, 973, 
975-77 
Dark matter, 916, 942, 973, 
975—78 
hot and cold, 977-78 
Data lines, 492 
Data stream, 491 
Dating: 
archeological, 875 
øeological, 76 
radioactive, 874-76 
Daughter nucleus (đeƒn), 864 
Davisson, €. J., 783 
đB (unit), 331-33 
Dc (defn), 514 
Dc circulits, 52-48 
Dc generator, 597, 599 
Dc motor, 577 
de Broglie, Louis, 782, 795, 804 
de Broglie wavelength, 782-83, 
795-96, 805, 917 
applied to atoms, 795—96 
Debye (unit), 482 
Decay, 863 
alpha, 864-6ó6, 869 
beta, 863-64, 866-68, 869, 
873, 938, 956 
of elementary particles, 
0927-42 
exponential, 540-41, 610, 870 
gamma, 863-64, 8ó8—69 
proton, 930, 940-41 
radioactive, 863-78 
Tate of, 869~73 
types of radioactive, 863-64, 
§69 
Decay constant, 869—70 
Decay rates, 872~73 
Decay series, S73-74, S84 pr 
Deceleration, 27 
Decibels (dB) (unit), 331—33 
Declination, magnetic, 562 
Decommissioning nuclear 
power plant, S92 
Decoupled photons, 969, 973 
Dee, 917-18 
Defects of the eye, 719-21, 728 
Defibrillator, heart, 487, 
498 pr, 543 ƒn 
Definite proportions, law of, 
360 ƒn 
Degeneracy: 
electron, 955 
neutron, 956 
Degradation of energy, 431 
Degrees of freedom, A-20 
Dehumidifler, 389 pr, 442 pr 
Delayed neutrons, 891 
Delta particle, 932 
Democritus, 359 
Demodulator, 638 
Dendrites, 517 


Density, 261—-62 
charge, 465 
and floating, 271 
nuclear and atomic, 859 
probability, S05, 811, 814, 
830 
Density of occupied states, 841 
Density of universe, 975 
Deoxyribonucleic acid, 460-62 
Depletion layer, 845 
Depth of field, 716 
Depth finding, 349 
Derived quantities, 11 
Descriptive laws, 5 
Destructive Interference, 
313-14, 341-43, 683, 697, 
696, 630 
Detection of radiation, 77-78, 
901 
Detectors, of particles and 
radiation, Ñ77-78 
Detergents and surface tension, 
281 
Determinism, 128, 810-11 
Deuterium, 858, 883 pr, 886, 
891, 6895-98, 914 pr, A-12 
Deuterium-tritium fusion 
(d-t), 897 
Deuteron, 858, 886, A-12 
Dew point, 381 
Diagrams: 
energy-level, 792, 815 
Feynman, 922, 938 
fOrce, S7 
free-body, 87-88 
H-R, 952-55, 958 
phase, 378 
phasor, 614 
potential, energy, 832—34 
PT, 378 
PV, 377-78, 414-16 
ray, 651, 655, 666 
for solving problems, 30, 57, 
60, 88, 115, 141, 158, 184, 
211, 234. 456, 655, 666 
Diamagnetism, 580 ƒ 
Diamond, 686 
Diastolic pressure, 283 
Diatomic molecules, 838-309, 
A-20-A-21 
Dielectrie constant, 485 
Dielectric strength, 48S 
Dielectrics, 4835-86 
molecular description of, 486 
Diesel engine, 415 
Difference In potential, 
electric, 474 ƒƒ (see also 
Electric potential; Voltage) 
Diffraction, 680, 67-93, 821 
by circular opening, 728-30 
1n double-slit experiment, 
690 
Of electrons, 783-84 
Fresnel, 687 
of light, 680, 687—93 
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Diffraction (contnued) 
as limit to resolution, 728-30 
by single slit, 6Š7—-89 
Of water waves, 318 
X-ray, 733-35 
Diffraction grating, 690—91 
resolving power of, 93738 
Diffraction limit of lens 
resolution, 728-30 
Diffraction patterns, 687 
of disk, 687—91 
Of circular opening, 729 
Of electrons, 783 
Of single slit, 67-91 
X-ray, 733-35 
Diffraction spot or disk, 729 
Diffuse reflection, 646 
Diffusion, 381-83 
Fick?s law of, 382 
Diffusion constant, 382 
Diffusion equation, 382 
Diffusion time, 382 
Digital, 559 
Digital ammeter, 546, 548 
Digital artifact, 714 
Digital camera, 714-18 
Digital circuits, S51 
Digital mnformation, 48 pr, 604 
Digital signals, 488—89 
Digital video disk (DVD) 
players, S22-23 
Digital voltmeter, 546, 548 
Digital zoom, 718 
Digital-to-analog converter 
(DAC), 489, 559 pr 
Dilation, time, 750-55 


Dimensional analysis, 16, 19 pr, 


136 pr, 983 pr 
Dimensions, 16 
Diodes, 845—50, 878 
forward-biased, 845 
junction, 850 
lasers, semiconductor, 822, 
S48 
lipht-emitting (LED), 491, 
§47-50 
photo-, 778, 847-48 
reverse-biased, 845 
semiconductor, 845-50 
zener, 846 
Diopter (D) (unit), 662 
Dịp, angle of, 562 
Dipole layer, 518 
Dipole moment, 482 
Dipole-dipole bonds, 834 
Dipole-induced dipole bonds, 
S34 
Dipoles and dipole moments: 
electric, 458, 478, 482, 493 
magnetic, 575~76, 580 ƒn 
Dirac, P. A.M., 812,841 ƒn, 
925-26 
Dirac equation, 925 
Direct current (dc), 514 (see 
also Electrie current) 
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Direct proportion, A-1 


Direction of magnetic field, 563 


Direction of vector, 23, 50 
Discharge tube, 772, 787 
Discharging, capacitor, 541-42 
Discovery In selence, 773 
Disintegration, 863 
Disintegration enersy (deƒfn), 
865 
Disorder and order, 430-31 
Displacement, 23-24, 294, 302, 
319 
angular, 200, 302 
net, 50-52 
resultant, 50-52 
vector, 23, 50-52 
1n vibrational motion, 294 
of wave, 319, 804-5 
Displacement current, 627 
Dissipative forces, 156—57 
energy conservafion with, 
156-58 
Dissociation energy, 830 
Distance: 
astronomical, 948, 951, 953, 
957-59 
image, 647, 652, 664-65 
object, 647, 652, 664-65 
relativity oÉ, 756-59 
table of, typical, 9 
traveled, 23 
Distant stars and galaxIes, 
0958-59 
Distortion, by lenses, 728 
Distribution, probability: 
1n atoms, 805, S811, S14 
in molecules, 830 
DiIver, 216 
Diverging lens, 661 ƒƒ 
DNA, 460-62, 693, 735, 
834-37, 899, 904 
structure and replication, 
460-62, 834, 836 
Domains, magnetic, 579 
Domes, 248-49 
Donor level, 845 
Door opener, automatic, 778 
Doorbell, 573 
Doping of semiconductors, 
844-45 
Doppler, J. C., 344 ƒn 


Doppler blood-flow meter, 347, 


358 pr 
Doppler effect: 
for lipht, 348, 964 
medical use of, 347 
for sound, 344-47 
1n weather forecasting, 348 
Doppler redshift, 965 
Dose, 899-903 
effective, 901 
Dosimetry, 899903 
Double helix, 460, 834, 836 
Double-slit experiment 
(electrons), 805-6 


Double-slit experiment (light), 
682~85, 690 
1ntensity In pattern, 690 
Down quark, 934 
Drag torce, 277 
Drain (in MOSFET), 851 
Drain terminal, 605 
DRAM, 500 ør, 605—6 
Drift velocity, 516, 569 
Drinking fountain, 290 pr 
Dry cell, 503 
Dry Ice, 3768 
d-t (deuterium-tritium) fusion, 
S97 
Duality, wave-particle, 782—84, 
795-96 
Dulong and Petit value, A-21 
Dust, interstellar, 950 
DVD player, 822-23 
DVDs, 605 
Dwarfs, white, 951, 953, 955-57 
Dye lasers, 822 
Dynamrc lift, 277 
Dynamic random access 
memory (DRAM), 500 pr, 
605-6 
Dynamrc rope, 107 pr 
Dynamies, 21, 76 ƒƒ 
fluid, 272-83 
hydro-, 272 
Of rotational motion, 208 ƒƒ 
of uniform cireular motion, 
112-15 
Dynamo, 597-98 
Dyne (unit), 79 
Dynodes, 877 


Ear, 334 
discomfort, altitude, 289 pr 
range of hearing, 331 
response of, 334-35 
sensItivity of, 333 
Ear popping, 289 pr 
Earth, 1, 3, 9, 15, 33-34, 77, 
109, 119, 121, 122, 125, 
126, 128, 134 pr, 137 pr 
density of 285 pr 
electric field o£, 471 pr 
8ravitational field of, 458 
gravity due to, 33 ƒƒ, 119, 
121-22 
magnetic field and magnetic 
poles of, 562 
mass, radius, efc.: inside front 
COVeT 
mass determination, 121 
not inertial frame, 77, 137 pr 
Tadius, cireumference of, 9, 
15, 19 pr 
rocks and earliest life, S76 
varying density within, core, 
mantle, 2§5 pr 
Earth soundings, 349 
Earthquake waves, 309, 
310-11, 318 


EŒG, 476, 492, 493 
Echo, 312 
Echolocation, 309 
Eclipse, 129, 229 pr 
Eddy currents (electric), 600-1 
Eddy currents (fluids), 273 
Edison, Thomas, 490 
Effective dose, 901 
Effective values, 515 
Efficiency (đeƒfn), 161, 422 
Carnot, 422-24 
Einstein, Albert, 4, 360, 745, 
747, 748-49. 752, 760-61, 
764, 775-76, 893, 938, 
959~-63, 977 
Einstein cross, 961 
Einstenn ring, 961 
EKG, 476, 492, 493 
EI Capitan, 69 pr, 285 pr 
EL (electroluminescent) 
device, 849 
Elapsed time, 23-24 
Elastie collisions, 178-80, 183 
Elastic limit, 241 
Elastice moduli, 241 
and speed of sound waves, 
308-9 
Elastic potential energy, 148, 
15+55., 295 
Elastic region, 241 
Elasticity, 241-45 
Electric battery, 476, 502-3, 
507, 527 
Electric car, 504, 524 pr, 604 
Electric cell, 505, 527 
Electric charge, 444 ƒf 
1n atom, 445 
conservation of, 444, 869, 926 
and Coulomb's law, 447-53 
of electron, 448, 579 
elementary, 448 
induced, 446-47, 486 
motion oÊ, in magnetic field, 
566-69 
negative, 444, 475, 503, 505 
ponmt (đeƒn), 449 
positive, 444, 475, 503, 505 
quantization of, 448 
test, 453 
types of, 444 
Electric cireuits, 504-5, 512-15, 
526-48, 610-16 
ac, 514-15, 526 ƒn, 611—16 
complete, 504 
confaining capacItOrs, 
3538-43, 612 ƒ 
dc, 514, 526-48 
digital, 851 
induced, 590 ƒƒ 
integrated, 851 
and Kirchhoffs rules, 532~35 
LC, 616 
LR, 610 
LRC, 614-16 
open, 504 


Electric circuIts (confinued) 
parallel, 513, 528 
RC, 538-43 
rectifler, S4ó-47 
Tesonant, 616 
series, 503, 528 
time constants of, 540, 610 
Electric conductivity, 508, 517 
1n nervous system, 517—19 
Electrie current, 501, 504-8, 
512-16, 532 
alternating (ac) (deƒn), 
514-15, 526 ƒ, 611—-16 
conduction (đefn), 627 
conventional, 505 
đirect (dc) (deƒn), 514 
displacement, 627 
eddy, 600-1 
hazards of, 543-45 
Induced., 591 
leakage, 545 
magnetic force on, 564—76 
microscopIc view of, 516 
and Ohms law, 505-8 
peak, 514 
produced by magnetic field, 
591-95 
produces magnetic field, 
563-65, 579-80 
rms, 514-15 
(see also Electric circuIts) 
Electric dipole, 458, 478, 482, 
493, 834 
Electric energy, 474-76, 
478-79, 486-87, 510-12 
Stored in capacitor, 486ó—87 
stored 1n electric field, 487 
Electric energy resources, 
434-35 
Electric field, 453-59, 463-66, 
477, 478-80, 516, 57 
calculation of, 453-58, 477 
and conductors, 459, 502 
1n đielectric, 485—86 
of Earth, 471 pr 
1n EM wave, 627-209 
energy stored in, 487 
and Gauss”s law, 463-66 
produced by changing 
magnetic field, 591—95, 597 
produces magnetic field, 
626-27 
relation to electric potential, 
477 
work done by, 474 
Electric field lines, 457-58, 478 
Electric fux, 463-65, 627 
Electric force (deƒn), 443, 
447-53 
adding, 450-52 
Coulomb?s law for, 447-53 
and 1onization, 899 
1n molecular biology, 460-62, 
482, 834-37 
Electric generator, 597-98 


Electric hazards, 543-45 
Electric heater, 511 
Electric motor, 577 
counter emf in, 599—~600 
Electric plug, 544-45 
Electric potential, 474-77 
of dipole, 482 
due to point charges, 479-81 
equipotential surfaces, 478 
relation to electric field, 477, 
482 
(see aiso Potential difference) 
Electric potential energy, 
4/74-76. 481, 486—87 
Electric power, 510—13 
1n ac circuits, 514-15, 610-16 
generafion, 597-98 
in household circuits, 512—13 
transmission of, 601—-4 
Electric shock, 543-45 
Electrie stove burner, 510 
Electrie toothbrush, 604 
Electric vehicle, 524 pr 
Electrical conduction, 445, 
501-486 
Electrical grounding, 446, 505 
Electrical shielding, 459 
Electrical wirring, 545 
Electricity, 443-639, 847 ƒn 
hazards of, 512-13, 543-45 
Electricity, static, 444 ƒƒ 
Electrocardiogram (ECG, 
EKG). 476, 492, 493 
Electrochemical series, 502 
Electrode, 503 
Electroluminescent (EL) 
đevice, 849 
Electrolyte, 503 
Electromagnet, 572 
Electromagnetic energy, 919 
Electromagnetic force, 129, 
922-24. 930, 938-41, 959 
Electromagnetic Induction, 
590 ƒƒ 
Electromagnetic oscillation, 616 
Electromagnetic pumping, 
589 pr 
Electromagnetic spectrum, 630, 
685-867 
Electromagnetic (EM) waves, 
625-39 
Doppler effect for, 348 
IintensIty for, 634 
production of, 627-29 
(see also Lipht) 
Electrometer, 447 
Electromotive force (emf), 
527-28, 590-97, 599-600 
(see aiso Emf) 
Electron, 445 
as beta particle, 864, S66 
as cathode rays, 490, 773 
charge on, 448, 579, 772-73 
cloud, S11, 814, 830-32 
conduction, 445 


defined, 784 
discovery o£ 772-73 
1n double-slit experiment, 
S05-6 
as elementary particle, 916, 
926-27 
free, 445, 840 
mass of, 772-73, 860 
measurement of charge on, 
772-73 
measurement of ¿Zn, 772~73 
momentum of, 759 
1n parr production, 781 
path in magnetic field, 567 
photoelectron, 778 
posItlon uncertainty, 809 
properties o£ 772-73 
speed of, 516 
spm, 579 
wave nature, 806 
wavelength of, 783 
what 1s It?, 784 
Electron capture, 868 
Electron cloud, S811, 814, 
S30-32 
Electron configuration, S16—17 
Electron degeneracy, 955 
Electron điffraction, 783-84 
Electron flow, 505 
Electron lepton number, 927, 
930 
Electron micrographs, 785 
Electron microscope (EM), 
771, 785-86, 807 
Electron neutrino, 930-31 
Electron-positron annihilation, 
781 
Electron sharing, 460, 830 
Electron spin, 579, 812—13, 830 
Electron transport layer 
(ETL), 850 
Electron volt (eV) (unt), 
478-79, 860 
Electronic circuIts, S4ó—51 
Electronic devices, 844-51 
Electronic pacemakers, 543, 608 
Electrons, sea of, 925-~26 
Electroscope, 446-47, 502 ƒn 
Electrostatic copler, 454, 
462-63 
Electrostatic force, 447—-53, 
460-62, 834 
defined, 449 
potential energy for, 474 
Electrostatic unit (esu), 448 ƒ¡ 
Electrostatics, 444-493 
Electroweak era, 971 
Electroweak force, 129, 155, 
443 ƒn. 938-41 
Electroweak theory, 938-41 
Elementary charge, 448 
Elementary particle physics, 
915-42 
Elementary particles, 752, 
915-42 


Elements, 360, 816—17 
1n compound lenses, 728 
Origin of in universe, 955—56 
Periodic Table of 816-17, 
1nside back cover 
production o£ 955—-56 
transmutation of, 864, 885-89 
transuranic, 88S 
Elevator and counterweight, 91 
Ellipse, 126 
EM (electron microscope), 771, 
785-66, 807 
EM (electromagnetic) waves, 
625-39 (see ailso Light) 
Emf, 527-28, 590-97, 599—600 
back, 599-600 
counter, 599-600 
Of øenerator, 597-99 
Hai, 569 
induced, 590-97 
motional, 596 
and photons, 922 
®ÑC circuit with, 541 
1n series and In parallel, 
5360-37 
Sources of, 527, 590-97 
Emission spectra, 774, 787-96 
atomic, 692-93, 787-89 
Emission tomography, 905-6 
Emissive layer (EML), 849-50 
Emissivity, 403 
Emitter (transistor), 850 
EML, 8§49-50 
Emulsion, photographrc, 714, 
878 
Endoergic reaction (deƒn), 886 
Endoscopes, 660 
Endothermrc reaction (deƒfn), 
886 
Energy, 138, 142-48, 150-58, 
177-84., 212—14, 412—19, 
473 
activation, 377, 833, 834 
and ATP, 833 
binding, 769 pr, 791, 830, 
832-33, 834-35, 860-62 
bond, 830, 834-35 
conservation o£ 150-58, 
394-96, 413-19, 776, 865, 
867, 869, 926—~28 
dark, 916, 926, 973, 975~77 
degradation of, 431 
đdisintegration, 865 
đissociation, 830 
elastic potential, 148, 154-55, 
295 
electric, 474-76, 478-709, 
486-§87, 510-12 
in EM waves, 627-28, 
633-34, 919 
equipartition of, A-20-A-21 
Fermi, 841 
and first law of 
thermodynamics, 413—19 
geothermal, 435 
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Energy (continued) 
8ravitational potential, 
145-47, 152-53, 15455 
1n human body, 418-19 
1nternal, 392~93 
1on1zation, 791-94 
kinetic, 142-45, 212-14, 460, 
760-64 
and mass, 760-64 
mechanical, 150-55, 295-96 
molecular kinetic, 374-75 
nuclear, 421 ƒ¡, 435, 885—908 
nucleotide, 835 
photon, 775-79 
potential, 145-48, 474-76, 
481, 486—87 (see also 
Electric potential; 
Potential energy) 
powWer vs., 159 
quantization o£, 775, 789-95 
reaction (đeƒfn), 886 
relation to mass, 760-63 
relation to work, 142-47, 
155, 157-61, 212-14, 760 
relativistic, 760-64 
rest, 760-64, 809 
rotational, 212-14 and ƒƒ, 
393, 838-39 
1n simple harmonic motion, 
295-97 
solar, 405, 434-35, 643 pr 
thermal, 156-57, 392 
threshold, 887 
total binding, 769 pr 
total mechanical (đeƒn), 150 
transformation o£, 155-56, 
159 
translational kinetic (deƒn), 
142-45 
transported by waves, 310-11 
unavailability of, 431 
and uncertainty principle, 
S06-9 
unmits oÊ 139, 144, 207 ƒn 
vacuum, Ø77 
vibrational, 295-97, 393, 839 
Zero-point, 839 
Energy bands, 842-43 
Energy conservation, law o£, 
150-58, 394-96, 413, 865, 
867, 869, 926-28 
Energy densIty: 
1n electric field, 487 
1n magnetic field, 610, 633 
Energy gap, 842-43 
Energy-level diagram, 792, S15 
Energy levels: 
1n atoms, 789-95, 812-14 
for fluorescence, 820 
for lasers, 820-23 
1n molecules, 8357-39 
nuclear, 868-69 
1n solids, 842-43 
Energy resources, 434-35 
Energy states, In atoms, 78995 
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Energy transfer, heat as, 
391-92 
Engine: 
Carnot, 422-24 
điesel, 415 
Internal combustion, 420-22 
power, 159-61 
steam, 420-21, 424 
Enriched uranium, 891 
Entire universe, 970 
Entropy, 428-33 
and biological development, 
430-31 
as order to đisorder, 430-31 
and probability, 432-33 
and second law of 
thermodynamics, 428-33 
as a state varlable, 428 ƒ 
staftistical Interpretation, 
432-33 
and time”s arrow, 431 
Enzymes, 834 
Equally tempered chromatic 
scale, 335 
Equation of continuity, 273 
Equation of state, 367 
1deal gas, 370 
Equations, A-3-A-6 
Equilibrium (deƒfn), 231-33, 240 
first eondition for, 232 
force in, 231-33 
neutral, 240 
second condition for, 232-33 
stable, 240 
static, 230-49 
thermal, 363, 394-95 
unstable, 240 
Equilibrium distance, 839, 
854pr 
Equilibrium position 
(vibrational motion), 293 
Equilibrium state, 367 
EquIpartition of energøy, 
A-20-A-21 
Equipotential lines, 478 
Equipotential surfaces, 4768 
Equivalence, principle of, 
959~60 
Erg (unit), 139 
Escape velocity, 384 pr 
Escher drawing, 162 pr 
Escherichia coli, 785 
Estimated uncertainty, 6 
Estimating (mtroduction), 
13-15 
Eta (particle), 931 
Ether, 747 
ETL, 850 
Euclidean space, 961-62 
European Center for Nuclear 
Research (CERN), 919, 
920, 924, 939, 942 
Evaporation, 379 
and latent heat, 399-400 
Event, 749 ƒf 


Event hor1zon, 963 
Everest, Mt., 9, 11, 121, 137 pr, 
380 
Evolution: 
and entropy, 430-31 
stellar, 954-557 
Exchange particles (carrlers of 
force), 922-24 
Excited state: 
Of atom, 781, 791 ƒƒ 
of nucleon, 932 
of nucleus, 8ó8-69 
Exciton, §50 
Exclusion prineciple, 815-16, 
830, 841, 867, 936, 955, 956 
ExoergIc reaction (đeƒn), 886 
Exothermrc reaction (đeƒfn), 
886 
Expansion: 
binomial, A-6—A-7, Inside 
back cover 
linear and volume, 241-45, 
364-66 
thermal, 364-67 
of universe, 964-67, 975—77 
Of water, 366 
Expansion Joints, 361, 365, 367 
Expanslons, in waves, 307 
Exponential curves, 540-41, 
610, 869 
Exponential decay, 540-41, 
610, 869 
Exponential notation, A-3 
Exponents, A-2-A-3, Inside 
back cover 
Exposure time, 715 
Extension cord, 513 
Extensor muscle, 238 
External force, 174, 188 
Extragalactic (đeƒfn). 950 
Extraterrestrials, possible 
communication with, 
834 pr 
Eve: 
aberrations of, 728 
accommodation, 719 
defects of, 719-21, 728 
far and near points of, 719 
lens o£ 719 
normal (đeƒn), 719 
resolution o£, 730, 732 
sfrucfture and function of, 
719-21 
Eyeglass lenses, 719-21 
Eyeplece, 724 


Fahrenheit temperature scale, 
362-63 

Falling oblJects, 33-38 

Fallout, radioactive, 894 

False-color image, 736 

Fan-beam scanner, 736 

Far point of eye, 719 

Farad (F) (unit of capacitance), 
483 


Faraday, Michael, 453, 590-92 
Faraday cage, 459 
Faraday?s law of induction, 590, 
592-93, 626 
Farsightedness, 720 
Eat, 287 pr 
Femtometer (fm) (unit), S59 
Fermi, Enrico, 14, 782, 804, 816, 
841 ƒn, 867, 888, 890, 932 
Fermi (fm) (unit), 859 
Fermi-Dirac statistics, S41 
Fermi energy, 841 
Fermi gas, 841 
Fermi level, 841 
Fermilab, 762, 919, 920, 934 
Fermions, 816, 841, 936 
Eerris wheel, 114, 198 
Ferromagnetism and 
ferromagnetic materials, 
561, 579-80 
SOurces Of, 579 
FET, 851 
Feynman, R., 922 
Feynman diagram, 922, 938 
Eiber optics, 66061 
Fick?s law of diffusion, 382 
Eictitious (inertial) force, 
A-l6-A-17 
Eield: 
electric, 453-59, 463-6ó, 477, 
4768-80, 516 (see also 
Electric field) 
1n elementary particles, 922 
gravitational, 458, 959—63 
Higss, 939 
magnetic, 560-75 (see also 
Masnetic field) 
vector, 457 
Eield-effect transistor (FET), 
851 
Film badge, 878, 901 
Eilm speed, 715 ƒn 
Filter, 613, 704 
Filter circuit, 613 
Fine structure, 803, 813 
tFinnegans Wake, 934 ƒn 
First harmonic, 316 
FEirst law of motion, 76-78 
Eirst law of thermodynamics, 
413-19 
applications, 414—18 
extended, 414 
human metabolism and, 
418-19 
First overtone, 316, 338 
Eission, nuclear, 435, 889-94 
Fission bomb, 8§93~94 
Eission frasments, 889—92 
Fixed stars, 3, 125 
Flash memory, 606 
Flasher unit, 542 
Flashlight, 505, 506, 522 pr, 
848 
Flat screens, 491-92 
Flatness, 974 


Flavor (of elementary 
particles), 928, 936 
Flavor oscillation, 928 
Flexible cord, tension in, 89 
Flexor muscle, 238 
Flip coil, 624 pr 
Floating, 271 
Floating gate, 606 
Floor vibrations, 299 
Florence, 248, 361 
Flow: 
of fluids, 272-83 
laminar, 272-~73 
meter, Doppler, 337, 358 pr 
streamline, 272-73 
1n tubes, 273-76, 278, 279-80 
turbulent, 273, 277 
volume rate of, 273 
Flow rate (deƒn), 273 
Fluid dynamics, 272-83 
Fluids, 260-83 (see also Flow of 
fluids; Gases; Liquids; 
Pressure) 
Fluorescence, 820 
Fluorescence analysis, 820 
Fluorescent lightbulb, 820 
Flux: 
electric, 463-65, 627 
magnetic, 592 ƒƒ, 597 
Flying buttresses, 247 
Flywheel, 229 pr 
EM radio, 637, 638 ƒ 
ƒ#-number, 715 
Focal length: 
of lens, 662, 669, 670, 718, 
719 
Of spherical mirror, 649-50, 
655 
Focal plane, 662 
Focal poïnt, 649-50, 655, 661, 
719 
Focus, 650 
Focusing, of camera, 716 
Foot (ft) (unit), 9 
Foot-pounds (unit), 139 
Football kicks, 62, 64 
Forbidden energsy gap, 842 
Forbidden transitions, 814, 
821 ƒn, 839 fn 
Force, 75-98, 129, 149-50, 171, 
187-89, 924, 941 


drag, 277 

electric, 443, 447—53 

electromagnetic, 129, 922-24, 
930-31, 93§-41, 959 

electrostatie, 447—-53, 460-62, 
834 

electroweak, 129, 443 ƒn, 941 

1n equilibrium, 231-33 

exerted by Inanimate obJect, 
82 

externalL, 174, 188 

fictitious, A-16-A-17 

Of friction, 77-78, 93-96 

Of pravity, 76, 84-86, 119-29, 
465, 924, 941, 942, 948, 
955-56, 959~63, 975—77 

and Iimpulse, 177 

inertial, A-16-A-17 

long-range, 863, 959 

magnetic, 5ó0-61, 564-76 

measurement of, 76 

on Moon, 119 

1n muscles and Joints, 207, 
223 pr, 238-39, 255 pr 

net, 77-80, 87 ƒƒ 

in NÑewton”s laws, 75-98, 171, 
174, 187-89 

nonconservative, 149-50 

normal, 84-86 

nuclear, 129, 862-63, 867, 
922-42, 959 

pseudoforce, A-16=A-17 

relation of acceleration to, 
78-80 

relation of momentum to, 
171-72, 174, 176-77, 760 

repulsive, 832-33, 922 

restoring, 148, 293 

short-range, 862-63, 959 

strong nuclear, 129, 862, 
888 ƒ¡, 922-42, 959 

types Of, In nature, 129, 
443 ƒm, 924, 941 

unIfs of, 79 

van der Waals, 834_-37 

varying, 142 

Viscous, 279-80 

weak nuclear, 129, 863, 867, 
924-42, 959 

(see also Electric force; 
Masgnetic force) 


addition of vectors, 7 
attractive, 832-33, 922 
buoyant, 268-72 
centrifugal (pseudo), 113, 
A-16-A-17 
centripetal, 112-14 
color, 937, 939-40 
conservative, 149-51 
contact, 76, 84, Ñ7 
Coriolis, A-17, A-18 
Coulomb, 450, 461 
definition of, 79 
diapram, 87 
dissipative, 156-57 


Force diasgrams, 87 

Force pumps, 267, 282 

Forced convection, 402 

Forced oscillations, 304 

Forward-biased diode, 845 

Fossil-fuel power plants, 434, 
435 

Foucault, J., 651 

Four-dimensional space-time, 
758-59, 961 

Fourier analysis, 341 

Fovea, 719 

Foveon, 714, 717 

Fractional exponents, A-2-A-3 


Fracture, 241, 245-46 
Frame of reference, 22, 59, 65, 
77, 218, 745 ƒƒ, A-16—A-17 
accelerating, 77, 80, 
A-16-A-17 
Earth”s, 128 
Iinertial, 77, 80, 137 pr, 745 ƒƒ, 
A-16 
noninertial, 78, 80, 745, A-16 
rotating, 218, A-16-A-18 
Sun?s, 128 
Franklin, Benjamin, 444 
Franklin, Rosalind, 735 
Free-body diagrams, 87-88 
Free-electron theory of metals, 
841 
Free electrons, 445, 841 
Free fall, 33-38, 124 
Freedom, degrees of, A-20 
Freezing (see Phase, changes 
of) 
Freezing point, 362, 397 
French Academy of Sclences, 9 
Frequency, 111, 203, 294, 306 
of audible sound, 329, 334-35 
beat, 342-43 
Of cireular motion, 111 
cyclotron, 568, 918 
fundamental, 316, 336, 
337-40 
Infrasonic, 330 
of light, 630, ó86—87 
natural, 304, 315-—16 
resonant, 304, 315-1ó6, 
335-40 
Of rotation, 203 
ultrasonrc, 329, 350 
Of vibration, 294, 303, 
315-17 
Of wave, 306 
Frequency modulation (FM), 
637, 638 ƒn 
Fresnel, A., 687 
Friction, 77-78, 93-96 
coefficients of, 93-94 
force of, 77-78, 93-96 
helping us to walk, 82 
kinetic, 93 ƒƒ 
reducing, 95 
rolling, 93, 213-14 
static, 93-94, 204, 214 
Fringes, Iinterference, 683-85 
Frisch, Otto, 889 
#'stop (deƒn), 715 
Fukushima, 892 
Fulcrum, 233 
Full moon, 129, 137 pr 
Full-scale current sensItIVIty, 
546 
Full-wave rectifler, 846-47, 
853 pr 
Fundamental constants: Inside 
fronft cover 
Fundamental frequency, 316, 
336, 337-40 


EFundamental particles, 915, 
916, 930-31, 935, 938 

Fuse, 512-13 

Fusion, heat of, latent, 
397-398, 400 

Fusion, nuclear, 435, 894-98 

1n stars, 894-96, 954-5S 
Fusion bomb, 897 
Fusion reactor, 896—-98 


Gain (amplifler), 357 pr 
Galaxies, 947, 94§-51, 964-67, 
Ø73, 974, 976-78 
black hole at center of, 951, 
963 
clusters o£, 950, 974, 977 
mass of, 949 
origin of, 974, 77-78 
redshIft of, 964-65 
seeds, 968, 974 
superclusters of, 950 
walls and voids, Ø78 
Galilean-Newtonian relativity, 
745-47, A-23-A-24 
Galilean telescope, 723, 723 ƒn, 
725 
Galilean transformation, 
A-22-A-25 
Galilean velocIty 
transformations, 
A-23-A-24 
Galileo, 2, 21, 33-34, 45 pr, 49, 
58-509, 76-77, 125, 267, 
302. 329, 361, 632, 64ó, 
723, 723 ƒn, 745, 948 
Galvani, Luigi, 4, 502 
Galvanometer, 546-48, 576, 
624 pr 
Gamma camera, 905 
Gamma decay, 863-64, 8ó8—69 
Gamma particle, 8ó3-64, 
868-69, 8968-99, 916, 922 
Gamma ray, 863-64, 868-69, 
8098-99, 922 
Gamow, George, 744, 968 
Garden hose, 287 pr, 288 pr, 
290 pr 
Gas constant, 370 
Gas lasers, 822 
Gas laws, 367—69 
Gas vs. vapor, 378 
Gas-discharge tube, 787 
Gases, 261, 360-61, 367-83, 
414-18 
atoms and molecules of, 
374-75, 392-93 
Fermi, 841 
1deal, 369 ƒƒ 
kinetic theory o£, 373-83 
molar specific heats for, 
A-19-A-20 
real, 377-78 
specific heats for, 394 
work done by, 414-18 
Gate, 851 
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Gate electrode, in a TFT, 492 
Gate terminal, 605 
Gauge bosons, 916, 930-31, 935 
Gauge pressure, 264 
Gauge theory, 938 
Gauges, pressure, 26-67 
Gauss, K. E., 463 
Gauss (G) (unit), 565 
Gauss”s law, 463-6ó6, 626 
Gay-Lussac, Joseph, 368 
Gay-Lussac”s law, 368, 369, 372 
Geiger counter, 877 
Gell-Mann, M., 934 
General motion, 184 
General theory of relafIvIty, 
948, 959-63 
Generator, 434-35 
ac, 597 
dc, 597, 599 
electric, 57-98 
emf of 597-099 
Van de Graaff, 459 
Generator equation, deriving, 
598-99 
Genes, 460 
Genetic code, 836 
Genetic information, 461 
Geocentric, 3, 125, 128 
Geodesic, 961 
Geographic poles, 562 
Geological dating, 876 
Geology, and Archimedes' 
pmncrple, 272 
Geometric optfIcs, 645~70 
Geometry (review), A-7—A-8 
Geometry, plane, A-7-A-8, 
1nside back cover 
Geosynchronous satellite, 123 
Geothermal energy, 435 
Germanium, 844 
Germer, L. H., 783 
GECI, 545, 607 
GianottI, Fabiola, 939 
Giants, red, 951, 953-5S 
Giraffe, 289 pr 
Glaser, D. A., 878 
Glashow, §., 938 
Glass, testing for fÏatness, 695 
Glasses, eye, 719~21 
Global positioning satellite 
(GPS), 19 pr, 136 pr, 
642 pr, 755 
Global System for Mobile 
Communication (GSM), 
639 
Global warming, 434 
Glueballs, 937 ƒn 
Gluino, 942 
Gluons, 923, 930-31, 935, 936, 
938 
Golf putt, 47 pr 
GPS, 19 pr, 136 pr, 642 pr, 755 
Gradient: 
concentration, 382, 400 ƒn 
pressure, 280, 400 ƒ 
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temperature, 400—1 
velocity, 279 
Gram (g) (unit), 10, 79 
Grand unified era, Ø71 
Grand unified theories (GUT), 
129, 939-41 
Graphical analysIs: 
of linear motion, 39-40 
for work, 142 
Graphite, S91 
Grating, 690-93 
Gravitation, universal law o£, 
119-21, 448, 959 
Gravitational collapse, 963 
Gravitational constant (G), 120 
Gravitational field (đeƒfn), 458, 
959-63 
Gravitational force, 76, 84-86, 
119-29, 465, 924, 941, 942, 
948, 955—56, 959~63, 
975—77 
Gravitational lensing, 961 
Gravitational mass, 960 
Gravitational potential, 476, 
478 
Gravitational potential energy, 
145-47, 151-55 
Gravitational redshift, 965 
Gravitational slingshot effect, 
197 pr 
Gravitino, 942 
Graviton, 924, 935, 942 
Gravity, 33-38, 76, 84-86, 
119-29, 465, 924, 941, 942, 
948, 955—56, 959~63, 
0975-77 
acceleration of, 33-38, 79 ƒn, 
84, 121-22 
center of, 186, 240 
and curvature of space, 
959-63 
on Earth, 33 ƒƒ, 119, 121-22 
effect on light, 960-61, 963 
force of, 76, 84-86, 119 ƒ, 
924, 941, 942, 948, 955-56, 
959-63, 975, 975—77 
free fall under, 33-38, 124 
specific, 262, 271 
Gravity waves, 978 
Gray (Gy) (unit), 900 
Greek alphabet: Inside front 
COVeT 
Grid, in cathode ray tube, 490 
Grimaldli, E., 680, 685 
Ground fault, 607 
Ground fauÌt circuit Interrupter 
(GFCT), 545, 607 
Ground state, of atom, 791 
Ground wire, 544-45 
Grounding, electrical, 446, 505 
and shocks, 544 
symbol, 526 
Groves, Leslie, 893 
Øg s, acceleration In, 37 
GSM, 639 


Guanine, 460 

Guest compound, 650 
GUT, 129,939-41 
Guth, Alan, 971, 973 


h-bar (#.), 808, 814 
Hadron era, 70-71 
Hadrons, 930-31, 933-37, 971 
Hahn, Otto, 889 
Harr dryer, 515 
Hale-Bopp comet, 135 pr 
Hale telescope, 725 
Half-life, 70-73 
calculations Involving, 872~73 
formula, derivation of, 871 
Half-wave rectification, 846 
Haill, E. H., 569 
Hall effect, Hall emf, Hall field, 
Hall probe, 569, 584 pr, 
§44ƒn 
Halley°s comet, 135 pr 
Halogen bulb, 501, 503 
Halogens, S17 
Hard drive, 19 pr, 222 pr, 604 
Harmonic motIon: 
damped, 303 
sinple (SHM), 295-303 
Harmonie oscillator, 295-303 
Harmonics, 316, 33ó-40 
Hazards of electricity, 512—13, 
5343-45 
Headlights, 476, 511, 526 
Heads, magnetic, 604 
Headsets, 577 
Hearing, 328-49 (sec Sound) 
range of human, 331 
threshold of, 335 
Heart, 282-83, 289 pr, 290 pr 
defibrillator, 487, 498 pr, 
543 ƒfn 
pacemaker, 543, 608 
Heart disease, and blood flow, 
280 
Heartbeat, 290 pr 
Heat, 155 ƒ, 156, 390 ƒƒ, 412—19 
calorimetry, 394-400 
compared to work, 412 
conduction, 400-2 
convection, 402 
distinguished from Internal 
energy and temperature, 
392 
as energy transfer, 391-92 
1n first law of 
thermodynamics, 413—19 
of fusion, 397-98 
and human metabolism, 418 
latent, 39798, 400 
lost by human body, 402 
mechanical equivalent of, 391 
radiation, 403-6 
Of vapor1zation, 397-986 
Heat capacity, 409 pr (see also 
Specific heat) 
Heat conduction to skin, 410 pr 


Heat death not for stars, 431 
Heat engine, 420-25, 434, 891 
Carnot, 422-24 
efficlency of, 422 
Internal combustion, 420-21, 
22 
Operating temperatures, 420 
steam, 420-21 
temperature difference, 421 
and thermail pollution, 434 
Heat of fusion, 397-98 
Heat of vapor1zation, 397—98 
Heat pump, 425-27 
Heat reservoir, 414, 423 
Heat transfer, 400-6 
conduction, 400-2 
convecfion, 402 
rađiation, 403-6 
Heating duct, 274 
Heating element, 510, 515 
Heavy elements, 955—56 
Heavy water, 891 
Heisenberg, W., 771, S04 
Heisenberg uncertainty 
pmnciple, S06-9, 830 
and particle resonance, 932 
and tunneling, 77 
Helicopter drop, 49 
Heliocentric, 3, 125, 128 
Helium, §15, 860-61, 864, 
886-87, 894 
Iand II, 378 
balloons, 272, 371 
1On1zation energy, 794 
pñmordial production of, 
972, 973 ƒn 
spectrum of, 787 
and stellar evolution, 954-56 
Helium-neon laser, 822 
Henry, Joseph, 590, 608 
Hemry (H) (unit), 608 
Hertz, Heinrich, 629-30 
Hertz (Hz) (unit of frequency), 
203, 294 
Hertzsprung-Russell diagram, 
952-55,958 
Higøss, Peter, 939 
Higgs boson, 915, 916, 935, 939 
Higss field, 939 
Hiph definition (HD) 
television, 491, 492 
High-energy accelerators, 
916-21 
High-energy particles, 916ó-21 
High-energy physics, 916-42 
Hiph mass stars, 955—56 
High-pass filter, 613 
Hiph heels, 286 pr 
Hiph Jump, 165 pr, 187 
Highest occupied molecular 
orbitals (HOMO), 849-50 
Hiphway: 
curves, banked and 
unbanked, 115-17 
mirages, 682 


Hiroshima, 894 
Hole transport layer (HTL), 
S50 
Holes (in semiconductors), 843, 
S44-45, 849-50 
Holes expand, 365 
Hologram and holography, 
S23-24 
HOMO, 849-50 
Homogeneous (universe), 966 
Hooke, Robert, 241, 694 ƒn 
Hooke'?s law, 148, 241, 293 
Horizon, 970 
event, 963 
Horizontal (deƒfn), 84 ƒn 
Horizontal range (đeƒfn), 63 
Horsepower (hp) (unit), 159 
Hose, 287 pr, 288 pr, 290 pr 
Host material, S50 
Hot-air balloons, 43 pr, 359, 
389 pr 
Hot dark matter, Ø77—78 
Hot wire, 544-45 
Household circuits, 512—13 
H-R diagram, 952-55, 958 
HST (sec Hubble Space 
Telescope) 
HTL, 850 
Hubble, Edwin, 950, 964 
Hubble age, 967 
Hubble eXtreme Deep Field 
(XDE). 947, 961 
Hubble parameter, 964, 967 
Hubble Space Telescope 
(HST), 136 pr, 730, 743 pr, 
961 
Hubble”s constant, 964 
Hubble”s law, 964-67, 976 
Human body, 287 pr (see also 
Muscles and Joints and 
Specific topics): 
balance and, 240 
center of mass for, 186—-87 
energy, meftabolism of, 418-19 
nervous system, and electrical 
conduction, 517—19 
rađiative heat loss of, 404 
temperature, 363, 400 
Human ear (see Ear) 
Human eye (see Eye) 
Human radiation exposure, 901 
Humidity, 380-81 
and comfort, 380 
relative (đeƒn), 380 
Hurricane, 287 pr, 290 pr 
Huygens, C., 680 
Huygens' principle, 6S0-82 
Hydraulic brake, 265 
Hydraulic lift, 265 
Hydraulic press, 286 pr 
Hydraulic pressure, 265 
Hydrodynamics, 272 
Hydroelectric power, 435 
Hydrogen atom: 
Bohr theory of, 789-95 


quantum mechanics of, 
812-14 
spectrum of, 692-093, 787—88 
Hydrogen bomb, 893-94, SØ7 
Hydrogen bond, 460, 461, 
834-37 
Hydrogen I1sotopes, 858 
Hydrogen molecule, 830-33, 
837, 839 
Hydrogenlike atoms, 790 ƒn, 
794, 795-96 
Hydrometer, 271 
Hyperopia, 720 
Hypodermic needle, 289 pr 
Hysteresis, 580 
hysteresis loop, 580 


lcarus, asteroid, 135 pr 
lce, life under, 367 
lce skater, S1, 108 pr, 216 
ICE, 898 
Ideal gas, 369 ƒƒ, 841 
I1nternal energy o£, 392-93 
kinetic theory of, 373-77, 841 
Ideal gas law, 369-73, 377 
1n terms of molecules, 72-73 
Identical (electrons), 816 
Identities, trigonometric, A-7, 
1nside back cover 
Ignition: 
car, 476, 602 
fusion, 898 
1C, 921 
Image: 
CAT scan, 735-36, 905-6 
false-color, 736 
formed by lens, 661 ƒƒ 
formed by plane mirror, 
645-49 
formed by spherical mirror, 
649-56, 725 
MRI, 907-8 
NMR, 906-8 
PET and SPECT. 905-6 
real, 647, 651, 663 
seeing, 654-55, 663 
as tiny diffraction pattern, 
729 
tomography, 735-36 
ultrasound, 350-51. 445-46 
virtual, 647, 664 
Image artifact, 714 
Image distance, 647, 652, 
664-65 
Image formation, 651, 736 
Image point, 647 
Image reconstruction, 736-357 
Imaginary number, A-6 
Imaging, medical, 350-51, 
905-8 
Impedance (đeƒf), 614-16 
Impulse, 176-—77 
In-phase waves, 314, 611 
Inanimate obJect, force exerted 
by, 82 


Inch (n.) (unit), 9 
Incidence, angle of, 313, 317, 
645, 657 
Incident waves, 313, 317 
Inclines, motion on, 97-96, 
213-14 
Incoherent source of light, 
685 
Indeterminacy principle, S07 
(se Uncertainty principle) 
Index of refraction, 656 
dependence on wavelength 
(dispersion), 686 
1n Snells law, 657-58 
Indium-tin oxide (TTO), 849 
Induced current, 590 ƒƒ 
Induced electric charge, 
446-47, 486 
Induced emf, 590-97 
counter, 599-600 
1n electric øenerator, 597-99 
1n transformer, 601-3 
Inductance, 608-9 
1n ac circuits, 610-16 
mutual, 608 
self-, 608—9 
Induction: 
applications, 606—7 
charging by, 446—47 
electromagnetic, 590 ƒƒ 
Faraday?s law of, 590, 592—93, 
626 
Induction stove, 594 
Inductive battery charger, 604 
Inductive reactance, 612 
Inductor, 608, 851 
1n circuIts, 610—16 
energy stored in, 610 
reactance o£ 612 
symbol, 608 
Inelastie eollisions, 178, 
180-82 
Inertia, 77 
moment of (rotational), 
208-10 
Inertial confinement, 897-98 
Inertial confinement fusion 
(ICF), 898 
Inertial forces, A-16-A-17 
Inertial mass, 960 
Inertial reference frame, 77, 80, 
137 pr, 745 ƒƒ, A-16 
Earth as, 77, 137 pr 
equivalence of all, 746-47, 
748 
Inflationary scenario, 971, 
973-75 
Information storage: 
magnetic, 604-5 
semiconductor, 605-6 
Infrared (TR) radiation, 403, 
405 ƒn, 630, 686, 693 
Infrasonice waves, 330 
Initial eonditions, 300 
InkJet printer, 463 


In-phase waves, 683, 690, 
694-98 
Insertions (muscle attachment 
points), 238 
Instantaneous acceleration 
(defn), 26, 40 
Instantaneous angular 
acceleration, 201 
Instantaneous angular velocIty, 
200 
Instantaneous speed, 25 
Instantaneous velocity (deƒn), 
25, 39-40 
Instruments, musical, 335-40 
Instruments, optical, 713—37 
Insulators: 
electrical, 445, 508, 842-43 
thermal, 401-2, 842-43 
Integrated circuits, 851 
Integration by parts, A-6, A-7 
Intensity, 310-11, 331 ƒf 
for EM waves, 634 
1n Interference and 
diffraction patterns, 
688-90 
of lipht, 685, 700-1, 804-5 
of sound, 331-33 
of waves, 310-11, 331-33 
Interference, 313-14, 341-43 
beats, 342-43 
constructive, 313—14, 341-42, 
683, 697, 698, 830 
đestructive, 313-14, 341-42, 
683, 697, 698, 830 
Of electrons, S05-6, 830 
of light waves, 682-8Š 
of sound waves, 341-43 
by thin films, 693—98 
Of water waves, 314 
wave-phenomenon, 682 
Of waves on a cord, 313 
Interference fringes, 83-85 
Interference microscope, 733 
Interference pattern: 
double-slit, 682-85, 690, 
805-6 
1ncluding diffraction, 
690 
multiple slit, 69093 
Interferometers, 698, 747 
Interlaced, 490 
Intermittent windshield wIipers, 
543 
Internal combustion engine, 
420-22 
Internal conversion, 869 
Internal energy, 392-93, 413—14 
distinguished from heat and 
temperature, 392 
of an ideal gas, 392—93 
Internal reflection, total, 
327 pr, 659-60 
Internal resistance, 527-28 
International Linear Collider 
(ILC), 921 
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International Thermonuclear 
Experimental Reactor 
(ITER), 898 

Interpolation, 6, A-11 

Interstellar dust, 950 

Intervertebral disc, 239 

Intravenous transfusion, 

288 pr, 289 pr 

Intrinsic luminosity, 951—53, 
958 

Intrinsic semiconductor, 843, 
S44 

Invariant enerey-momentum, 
763 

Invariant quantity, 759, 763 

Inverse proportion, A-1 

Inverse square law, 120, 310, 
332, 448, 628 

Inverted population, 821-22, 
S48 

lon (deƒfn), 445 

lonie bonds, 831, 833, 840 

lonization energy, 791—94 

lonizing radiation (deƒn), 898 

TR (nfrared) radiation, 403, 
405 ƒn, 630, 686, 693 

Tris, 719 

Iron, binding energy for, 862 

Irreversible process, 423 

1SO number, 715 ƒn 

Isobaric processes, 415 

IsochorIc processes, 415 

1Isolated system, 174, 394-96 

Isomer, 869 

Isotherm, 414 

Isothermail processes, 414—15 

Isotopes, 578, 858-509, 863-64 

half-life of, 70-71 
mean life of, 871 

1n medicine, 904 
table oŸ A-14—A-17 

Isotropic, 680, 966 

Isovolumetric (isochoric) 
process, 415 

TTER, 898 

lterative technique, 737 

TTO, 849 


J/ particle, 809, 935 
Jars and lids, 365, 369 
JET; 898 
Jet plane noise, 333 
Jets (particle), 934, 935, 1164 
Jeweler”s loupe, 723 
Joint European Torus (JET), 
898 
Joints: 
expansion, 361 
human, forces in muscles 
and, 207, 223 pr, 238-309, 
255 pr, 256 pr, 259 pr 
Joule, James Prescott, 391 
Joule (J) (unit), 139, 144, 
207 ƒn, 478-79, 511 
relation to calorie, 391 
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Joyce, James, 934 ƒ 
Jump starting a car, 53ó-37 
Junction diode, 850 
Junction rule, Kirchhoffs, 533 ƒƒ 
Jupiter, 3, 126, 128, 134 pr, 
135 pr, 137 pr 
moons of, 125, 128, 134 pr, 
135 pr, 632, 723 


K-capture, 868 
K lines, 818-19 
K particle (kaon), 931, 932-33 
K2,11 
Kant, Immanuel, 950 
Kaon, 931, 932-33 
Karate blow, 177 
Keck telescope, 725 
Kelvin (K) (unit), 368 
Kelvin-Planck statement of 
second law of 
thermodynamics, 424 
Kelvin temperature scale, 362, 
368 
Kepler, Johannes, 126, 723 ƒ 
Keplerian telescope, 723 ƒn, 724 
Kepler”s laws, 125-28 
Keyboard, computer, 484 
Kilby, Jack, 851 
Kilo- (prefix), 10 
Kilocalorie (kcal) (unit), 391 
Kiogram (kg) (unit), 10, 78, 79 
Kilometer (km) (unit), 10 
Kilowatt-hour (KWh) (unt), 
168 pr, 511 
Kinematic equations, 29 
Kinematics, 21-40, 49-66, 
198-205 
for rotational motion, 
198-205 
translational motion, 21-40, 
49-66 
for uniform circular motion, 
110-12 
Kinetic enersy, 142-45, 150 ƒ, 
212-14., 460, 760-64 
1n collisions, 178-81 
and electric potential energøy, 
474 
Of gas atoms and molecules, 
374-75, 392-93, A-20-A-21 
molecular, relation to 
temperature, 3574-75, 
392-93, A-20-A-21 
of photon, 779 
relativistic, 760-64 
rotational, 212-14 
translationalL, 142-45 
Kinetic friction, 93 ƒƒ 
coefficient o£, 93-94 
Kinetic theory, 359, 373-83 
basic postulates, 373 
boiling, 380 
điffusion, 381-83 
evaporation, 379 
1deal gas, 373—77 


kinetic energy near absolute 
zero, 376 
Of latent heat, 400 
molecular speeds, 
đistribution oŸ, 3576-77 
and probability, 373—77 
Of real gases, 377-78 
Kirchhoff, G. R., 532 
Kirchhoff?s rules, 532-35 
junction rule, 533 ƒƒ 
loop rule, 533 ƒf 


Ladder, forces on, 237, 259 pr 
Lag time, 610 
Lambda (particle), 931, 932-33 
Laminar flow, 272-73 
Land, Edwin, 699 
Lanthanides, 817 
Large-diameter obJective lens, 
731 
Large Hadron Collider (LHC), 
915, 0919-21, 939, 942 
Large-scale structure oŸ 
unIverse, Ø77-78 
Laser printer, 463 
Lasers, 707 pr, 820-23 
applications, 822-23 
chemical, 822 
diode, 848 
gas, 822 
helium-neon, 822 
medical uses, 823 
surgery, 823 
Latent heats, 397-398, 400 
Lattice structure, 360, 840, 844 
Laue, Max von, 734 
Law (đeƒfn), 5 (see proper name) 
causal, 128 
Law OŸ Iinertia, 77 
Lawrence, E. O., 917 
Lawson, J. D., 898 
Lawson criterion, 898 
LC circuIt, 616 
LLC oscillation, 616 
LCD, 490-92, 638, 703-4, 714 
Leakage current, 545 
LED, 491, 847-50 
applications, 847-48 
flashlipht, 848 
white-light, 848 
Lemaitre, Georges, 964 
Length: 
focal, 649-50, 655, 662, 669, 
670, 718, 719 
Planck, 19 pr, 970 
proper, 756 
relativity oÊ 756-59 
standard of, 9,698 
Length contraction, 756-59, 
A-25 
Lens, 661-—70 
achromatic, 728 
axIs Of, 661 
coating of, 697-98 
color-corrected, 728 


combinations of, 68-69 
compound, 728 
contact, 721 
converging, 661 ƒf 
corrective, 719-21 
cylindrical, 720 
diverging, 661 ƒƒ 
Of eye, 719 
eyeplass, 719-21 
eyepIece, 724 
focal length of, 662, 669, 670 
magnetic, 785 
magnification of, 665 
negative, 665 
normal, 718, 743 pr 
objective, 724, 725, 726 
ocular, 726 
posttIve, 665 
power of (diopters), 662 
resolution of, 717, 728-32 
sign convenftions, 665 
telephoto, 718 
thin (deƒn), 661 
wide-angle, 718, 728 
zoom, 718 
Lens aberrations, 727-28, 729, 
731 
Lens elements, 728 
Lens opening, 715 
Lensing, pravitational, 961 
Lensmaker”s equation, 670 
Lenz”s law, 593-95 
Leonardo da Vincl, 4 
Lepton era, 970, 972 
Lepton number, 927, 930-31, 
933, 940 
Leptons, 916, 922, 927, 930-31, 
933-—35, 937-39, 942, 970-71 
Level: 
acceptor, 845 
đonor, 845 
enersy (sec Energy levels) 
Fermi, 841 
loudness, 334-35 
sound, 331-33 
Level hor1zontal range, 63 
Level range formula, 63-64 
Lever, 164 pr, 233 
Lever arm, 206, 238 
LHC, 915, 919-21, 939, 942, 
983 pr 
Lids and Jars, 365, 369 
Le under Ice, 367 
Lifetime, 930 (see aiso Mean 
le) 
Lift, dynamrc, 277 
Lift, hydraulic, 265 
Lipht, 629-31, 632-33, 644-704 
coherent sources of, 685 
color of, and wavelength, 
682, 685-87, 696—97 
dispersion o£, 686 
Doppler shift for, 348, 964 
as electromagnetic wave, 
629-31 


Lipht (coniinued) 
frequencies of, 630, 686 
8ravifational deflection of, 
960-61, 963 
1ncoherent sources of, 68Š 
1nfrared (TR), 630, 686, 693, 
711pr 
1ntensity o£, 685, 700-1, 804-5 
monochromatic (deƒn), 682 
as particles, 681, 775-82 
photon (particle) theory of, 
775-82 
polarized, 699—702, 711 pr 
ray model o£, 645 ƒ, 661 ƒf 
scattering, 704 
from sky, 704 
Spectrometer, 692—93 
speed o£, 9,629, 632-33, 656, 
661, 747, 748 
ultraviolet (UV), 630, 686, 
693 
unpolarized (deƒn), 699 
velocity of, 6, 629, 632-33, 
656, 681, 747, 748 
visible, 630, 6ó85-Ñ7 
wave-particle duality of, 782 
wave theory of, 679-704 
wavelengths of, 630, 682, 
685~§7, 696 
white, 686 
(see also Diffraction; 
Intensity; Interference; 
Reflection; Refraction) 
Lipht-emitting diode (LED), 
491, 847-50 
applications, 847-48 
flashlight, 848 
white-lipht, 848 
Light-gathering power, 725 
Light-hour, 948 ƒ 
Lipht meter (photographic), 778 
Light-minute, 948 
Light pipe, 660 
Light rays, 645 ƒƒ, 661 ƒf 
Light-second, 948 
Light sources, 919 
Lipht-year (ly) (unit), 18 pr, 
948 
Lightbulb, 501, 503, 504, 505, 
506, 511, 556 pr, 777 
fluorescent, 820 
1n ®C circuit, 542 
Lightning, 329, 512 
Linac, 920 
Linde, Andreí, 971, 973 
Line spectrum, 692-93, 787 ƒƒ, 
803 
Line voltage, 515 
Linear accelerator, 920 
Linear expansion (thermal), 
364-65 
coefficient of, 364 
Linear momentum, 170-89 
conservation of, 173-84, 869 
Linear motion, 21-40 


Linear waves, 310 
Linearly polarized light, 699 ƒƒ 
Lines of force, 457-58, 561 
Lquefaction, 367-70, 373, 377 
Liquid crystal, 261, 378, 703-4 
Liquid crystal display (LCD), 
490-92, 638, 703-4, 714 
Lquid-drop model, S89 
Lquid-in-glass thermometer, 
362 
Lquid seintillators, S78 
Liquids, 261 ƒƒ, 360 (see also 
Phase, changes of) 
Lithium, 815 
Log table, A-10-A-11 
Logarithms, A-10-A-11, inside 
back cover 
Long Jump, 70 pr, 72 pr 
Long-range force, 863, 959 
Longitudinal waves, 307 ƒƒ 
and earthquakes, 309 
speed of, 308-9 
(see also Sound waves) 
Lookback time, 951, 969 
Loop rule, Kirchhoffs, 533 ƒƒ 
Lorentz transformation, 
A-24-A-25 
Los Alamos laboratory, 893 
Loudness, 329, 331, 332 (sec 
aÏso Intensity) 
Loudness control, 335 
Loudness level, 3534-35 
Loudspeaker cross-over, 613 
Loudspeakers, 332, 341-42, 
356 pr, 577, 613 
Loupe, Jeweler”s, 723 
Low mass stars, 955 
Low-pass filter, 613 
Lowest unoccupied molecular 
orbitals (LUMO), 849-50 
LR circuit, 610 
LRC circuit, 614-16 
Luminosity (stars and 
galaxies), 951—53, 958 
LUMO, 849-50 
Lunar eclipse, 129 
Lyman series, 788, 792, 793, 817 


M-theory, 942 
Mach, E., 348 ƒr 
Mach number, 348 
MacroscopIc properties, 360 
Macrostate of system, 43233 
Masgellanic clouds, 950 ƒn 
Magnet, 56062, 579-80 
đomains of, 579 
electro-, 572 
permanent, 579-80 
superconducting, 572 
Magnetic bottle, S97-98 
Magnetic circuit breakers, 573 
Magnetic confinement, 897-968 
Magnetic damping, 618 pr 
Magnetic declination, 562 
Magnetic deflection coils, 490 


Magnetic dipoles and magnetic 
dipole moments, 575~76, 
580 ƒn 
Magnetic domains, 579 
Magnetic field, 560-75 
between two currents, 570 
Of circular loop, 563 
definition oÉ, 564-6S 
đdetermination of, 565, 
570-71, 573-75 
đirection o£ 561, 563, 568 
of Earth, 562 
energy stored in, 610 
hysteresis, 580 
Induces emf, 591-Ø7 
of long straipht wire, 570-71 
mofion of charged particle In, 
566-69 
produced by changing 
electric field, 626-277 
produced by electric current, 
563-65, 579-80 (see also 
Ampère'”s law) 
produces electric field and 
current, 597 
1nside solenoid, Š574-75 
of solenoid, 572-73 
Of straipht wire, 564-65, 574 
Of toroid, 580 
uniform, 562 
Masgnetic field lines, 561 
Magnetic flux, 592 ƒƒ, 597 
Magnetic force, 560-61, 564-76 
On currenft-carrying wrre, 
564-65 
on electric current, 564-76 
on moving electric charges, 
566-69 
on profton, 566 
between two parallel wires, 
571-72 
Magnetic information storage, 
604-5 
Magnetic lens, 785 
Magnetic moment, 575-76 
Magnetic monopole, 561, 975 
Magnetic permeability, 570, 
579-80 
Magnetic poles, 56062 
of Earth, 562 
Magnetic quantum number, 
S12-13 
Magnetic resonance Iimaging 
(MRIT), 907-8 
Magnetic tape and disks, 604 
Magnetism, 560-610 
Magnetoresistive random access 
memory (MRAM), 606 
Magnification: 
angular, 722 
of lens, 665 
Of lens combination, 668-69 
of magnifying glass, 722—23 
Of microscope, 726-27, 
731-32, 785 


Of mirror, 652-53 
sign conventions for, 653, 
655, 665 
Of telescope, 724, 730-32 
useful, 732, 785 
Magnifier, simple, 722-23 
Magnifying glass, 661, 722-23 
Magnifying mirror, 649, 654 
Magnifying power, 722 (see 
also Magnification) 
total, 724 
Magnitude of vector, 23, 50 
Main-sequence (stars), 953-55, 
982 pr 
MaJjorana, Ettore, 929 ƒ 
Maljorana particles, 929 
Malus' law, 700 
Manhattan Project, 893 
Manometer, 266 
Marconmi, Guplielmo, 636 
Mars, 3, 126, 128 
Mass, 6, 78-80, 261 
Of aïr in a room, 371 
atomic, 360 
center of, 184-89 
critical, 891—-94 
of Galaxy, 949 
øravitational vs. Inertial, 960 
and luminosity, 952 
as measure of inertia, 78 
molecular, 360, 369 
of neutrinos, 929-30 
nueclear, 859-60 
of photon, 779 
relation to energy, 760-63 
1n relativity theory, 760 
rest, 760 
standard of, 10 
table of 10 
unIts of, 6—7, 79 
vs. Wweipht, 78, 84 
Mass excess (deƒn), S83 pr 
Mass number, 858 
Mass spectrometer 
(spectrograph), 578 
Mass-enerøy, distribution In 
universe, 975-—77 
Mass-energy transformation, 
760-64 
Mathematical review, 
A-lI-A-11 
Mathematical signs and 
symbols: Inside fronft cover 
Mather, John, 968 
Matrix, on an LCD screen, 491 
Matter: 
anti-, 925, 941, 943 pr 
atomrc theory of, 3559-61 
dark, 916, 942, 973, 975~78 
passage of radiation throuph, 
898-990 
phases (states) of, 261, 
360-61 
wave nature of, 782-84, 
795-96 


Index -BB 


Matter waves, 782-84, 795-96, 

804 # 

Matter-antimatter problem, 

941 

Matter-dominated unIverse, 

Ø72, 973 

Maxwell, James Clerk, 376, 

625, 627, 629-30, 635, 

747 

Maxwell distribution of 

molecular speeds, 376—77, 

433, S07 

Maxwells equatlons, 626-27, 

744, 747, 741 ƒn, 748 

Maxwells preferred reference 

frame, 747 

Mean life, 71, 930 

of profon, 941 

Measurements, 3, 5—8 

Of astronomical đistances, 
948, 953, 957-59 

of blood flow, 358 pr 

of Calorie content, 396 

Of charge on electron, 
772-73 

electromagnetic, of blood 
flow, 596 

Of e/m, 772-73 

Of force, 76 

precision of, 5-8, 806-8 

Of pressure, 266—67 

of radiation, 899-903 

Of speed of light, 632—33 

uncertainty In, 5—8, 806-9 

unIts of, S—10 


265 
Mechanical energy, 150-55 
total (deƒn), 150, 295—96 
Mechanical equivalent of heat, 
391 
Mechanical oscillations, 293 
Mechanical waves, 305-19 
Mechanics, 21-445 (see also 
Motion) 
đdefinition, 21 
Mediate, forces, 922 
Medical imaging, 350-51, 405, 
905-8 
techniques, 908 
Medical instruments, 660—61 
Medical uses of lasers, 823 
Metitner, Lise, 804, 889 
Melting point, 397-400 (see 
also Phase, changes of) 
Memory: 
dynamrc random access 
(DRAM), 500 ør, 605-6 
flash, 606 
magnetoresistive random 
access (MRAM), 606 
random access (RAM), 482, 
500 pr, 6056 
volatile and nonvolatile, 606 
Mendeleev, Dmitri, 816 
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Mechanical advantage, 92, 233, 


Mercury (planet), 3, 126, 128 
Mercury, surface tension of, 
281 
Mercury barometer, 267 
Mercury-In-glass thermometer, 
361-62 
Merry-go-round, 198, 201, 
202 
Meson exchange, 923 
Meson lifetime, 809 
Mesons, 816, 916, 923, 926-27, 
930-31, 935, 936-38 
Messenger RNA (m-RNA), 
8306-37 
Metabolic pathway, 820 
Metabolism, human, 4168-19 
Metal detector, 601 
Metal-oxide semiconductor 
field-effect transistor 
(MOSFEET), 605, 851 
Metallic bond, 840 
Metals: 
alkali, 817 
free-electron theory of, 841 
Metastable state, 820, 821-22, 
869 
Meter (m) (unit), 9 
Meters, electrie, 546-48, 576 
correction for resistance of, 
5347-48 
Metric (SI) multipliers: Inside 
fronf cover 
Metric (ST) system, 10 
Mho (unit), 523 pr 
Michelson, A. A., 632-33, 698, 
74¡, 748 
Michelson Iinterferometer, 698, 
747 
Michelson-Morley experiment, 
747, 748, 748 ƒn 
Microampere (A) (unit), 504 
Micrometer (measuring 
device), 14 
Micron (m) (unit), 10, 484 
Microphones, magnetic, 606 
Microscope, 726-27, 730-32 
atomic force, 786 
compound, 726-27 
electron, 771, 785-§6, 807 
Interference, 733 
magnification of, 726-27, 
731-32, 785 
phase-contrast, 733 
resolving power of, 731 
scanning tunneling electron 
(STM), 786 
specialty, 733 
useful magnification, 732, 
785 
Microscopic description, 360, 
373 
MicroscopIc properties, 360, 
373 
Microstate of a system, 
432-33 


Microwave background 
radiation, cosmic, 967-70, 
973, 974, 977—78 
Microwaves, 630, 639, 967-68 
Milky Way, 136 pr, 948-50 
Milliampere (mA) (unit), 504 
Millikan, R. A., 773, 777 
Millikan oil-drop experiment, 
773 
Millimeter (mm) (unit), 10 
Mirage, 682 
Mirror equation, 652—56 
Mirrors, 645—56 

aberrations o£, 725 ƒn, 727-28 

concave, 649, 653-54, 725 

convex, 649, 6‹55-56 

focal length of, 649-50, 655 

magnifying, 649, 654 

plane, 645-409 

Sign conventions, 653 

used In telescope, 725 
MKS (meter-kilogram-second) 
system (đzƒn), 10 
mm-Hg (unit), 266 
Model of solar system: 
øeocentric, 3, 125 
heliocentric, 3, 125 
Models, 5, 22 
Moderator, S91-92 
Modern physics (đeƒfn), 2, 745 
Modulation: 
amplitude, 637 
frequency, 637, 638 ƒn 
Moduli of elasticity, 241-42, 
306-9 
Molar specific heats, 
A-19-A-21 
Mole (mol) (unit), 369 
volume oŸ£, for ideal gas, 369 
Molecular biology, electric 
force In, 460-62, 482, 
834-337 
Molecular kinetic energy, 
374-75, 392-93, A-20-A-21 
Molecular mass, 360, 369 
Molecular oscillation, 326 pr, 
393, 839 
Molecular rotation, 838-39 
Molecular spectra, 837-39 
Molecular speeds, 376-—77, 433 
Molecular vibration, 326 pr, 
393, 839 
Molecular weight, 360 
Molecules, 360, 372-77, 8290-39 

bonding In, 829-32 

1n a breath, 373 

điatomic, A-20-A-21 

polar, 445, 461, 482, 486, 

831-32 
potential-energy diasrams 
for, 832-34 

spectra of, 837-39 

weak bonds between, 834-37 
Molybdenum, 818 
Moment arm, 206 


Moment of a force about an 
axIs, 206 
Moment of inertia, 208—10 
Momentum, 138, 170-89 
angular, 215-18, 789, 795 
center of mass (CM), 
184-86 
1n collisions, 173-75 
conservation of angular, 
215-17 
conservation of linear, 
173-76, 177-84, 188, 
926-28 
linear, 170-89 
of photon, 779 
relation of force to, 171-72, 
174, 176-77, 760 
relativistic, 759-60, 763 
uncerfainty in measurement 
of, 807 
unifs 0£, 171 
Momentum transfer, 635 
Monochromatie aberration, 
728 
Monochromatic lipht (deƒn), 
682 
Moon, 3, 129, 948 
acceleration due to øraVIty 
on, 46 pr, 134 pr 
acceleration toward the 
Earth, 119 
cenftripetal acceleration of, 
112, 119 
force on, 119 
Full moon, 129, 137 pr 
New moon, 129 
orbit of. 129 
phases of, 129 
rising of, 129, 137 pr 
sidereal period, 129, 137 pr 
synodIc period, 129, 137 pr 
WIreless communIcation 
from, 639 
work on, 142 
Moonrise, 129 
Moons of Jupiter, 125, 128, 
134 pr, 135 pr 
Morley, E. W., 74/7, 748 
Moseley, H. G. J., 818 
Moseley plot, 818 
MOSFETT, 605, 851 
Most probable speed, 376 
Motion, 21-229, 744-65 
Brownian, 360 
circular, 110-18 
at constant acceleration, 
28-38, 58-64 
damped, 303 
description of (kinematics), 
21-40, 49-66, 110-12 
of electric charge in magnetIc 
field, 566—-69 
and frames of reference, 22 
1n free fall, 33-38, 124 
general, 184 


Motion (coniinued) 
graphical analysis of linear, 
39-40 
harmonic, 295-303 
on Inclines, 97-98 
Kepler”s laws of planetary, 
125-28 
linear, 21-40 
Newton”s laws of, 75-83, 
87-98, 138, 141, 157, 170, 
171, 174, 188, 20§-12, 804, 
810 
nonuniform circular, 118 
oscillatory, 292 ƒƒ 
parabolic, 58, 64 
periodic (đeƒn), 293 ƒƒ 
planetary, 125-28 
proJectile, 49, 58-64 
recfilinear, 21-40 
and reference frames, 22 
relative, 65-66, 744-65 
rolling, 204-5 
rotational, 198-218 
Of satellites, 122~23 
simple harmonic (SHM), 
295-303 
translational, 21—189 
uniform circular, 110-15 
uniformly accelerated, 
28-38 
vibrational, 292 ƒ 
of waves, 305-—19 
Motional emf, 596 
Motor: 
ac, 577 
back emf In, 599-600 
burning out, 600 
dc, 577 
electric, 577 
overload, 600 
Mountaineering, 105 pr, 106 pr, 
107 pr, 258 pr 
Mr Tompkins in Wonderland 
(Gamow), 744, 766 pr 
MRAM (magnetoresistIve 
random access memory), 
606 
MRI, 907-8 
m-RNA, 836-37 
Mt. Everest, 9, 11, 121, 137 pr, 
380 
Mt. Wilson, 950 
Muller, Richard, 968 
Multielectron atoms, 815—17 
Multimeter, 548 
Multiplication factor, 891—92 
Multiplication of vectors, 
52-53 
Multiwire chamber, 878, 934 
Muon, 927, 930-31, 934 
decay, 927 
lifetime, 752, 770 pr 
Muon lepton number, 927 
Muon neutrino, 930-31 
Muscle insertion, 238 


Muscles and Joints, forces In, 
207, 223 pr, 238-39, 255 pr, 
256 pr, 259 pr 

Musical Instruments, 335-40 
Musical scale, 335 

Mutation, 899 

Mutual Iinductance, 608 
Myopia, 719-20 


n-type semiconductor, 844-46 

Nagasakl, 894 

Nanometer, 845 ƒn 

National Ignition Facility 
(NIF), 898 

Natural abundances, 858 

Natural convection, 402 

Natural frequeney, 304, 315—16 
(see also Resonant 
frequency) 

Natural logarithms, A-10 

Natural radioactive 
background, 866, 901 

Natural radioactivity, 863 

Nautical mile, 20 pr 

Navstar Global Positioning 
System (GPS), 136 pr 

Nd:YAG laser, 822 

Near Earth Asteroid 
Rendezvous (NEAR), 
136 pr 

Near-Earth orbit, 134 pr 

Near field, 628 

Near point, of eye, 719 

Nearsipghtedness, 719-20, 721 

Nebulae, 950 

Negative, photographic, 714 ƒn 

Negative, of a vector (deƒn), 
52 

Negative curvature, 962, 975 

Negative electric charge (deƒn), 
444, 475, 503, 505 

Negative exponents, A-2 

Negative lens, 665 

Negative sea of electrons, 
925-26 

Negative work, 140 

Neon tubes, 803 

Neptune, 126, 127 

Neptunium, 88S 

Nerve pulse, 518, 567 

Nervi, Pler Luigl, 249 

Nervous system, electrical 
conduction in, 517-19 

Net displacement, 50-52 

Net force, 77-80, 87 ƒf 

Net resistance, 528 

Neuron, 517-18 

Neutral atom, 445, 860 

Neutral equilibrium, 240 

Neutral wire, 545 

Neutrino, 190 pr, S66—68, 916, 
927, 9268-30, 972 

mass of, 9209-30, 931 
types of, 927-29 
Neutrino flavor oscillation, 928 


Neutrinoless double beta 
decay, 946 pr 
Neutron, 445, 858, 916, 930-31 
delayed, 891 
1n nuclear reactions, 889-094 
role In fission, 889 ƒƒ 
Neutron capture, 956 
Neutron degeneracy, 956 
Neutron multiplication factor, 
891 
Neutron number, 858 
Neutron physics, S88 
Neutron star, 217, 951, 956-57 
New moon, 129 
Newton, Isaac, 21, 77-78, 81, 
119-20, 129, 453, 681, 694 ƒn, 
725 ƒn, 745-47, 959, 963 ƒn 
Newton (N) (unit), 79 
Newton-meter (unit), 139 
Newtonian focus, 725 
Newtonian mechanIics, 75-129, 
744 
Newton”s first law of motion, 
76-78. 745 
Newton”s law of universal 
øravifation, 109, 119-21, 
448, 959 
Newton”s laws of mofion, 
75-83, 87-98, 138, 141, 
157, 171, 174, 187-89, 
208-12, 804, S10 
Newton”s rings, 694-95 
Newton”s second law, 78-80, 
82, 87-89, 171, 174, 
187-89, 747, 760 
for rotation, 208-12, 215-—17 
for a system of particles, 
187-89 
Newton”s synthesis, 128 
Newton”s third law of motion, 
81-83 
NIF (National Ignition 
Facility), S98 
NMR. 906-8 
Noble gases, S17, 840 
Nodes, 315, 337, 338, 339, 340 
Norse, 333, 340-41, 489 
Nonconductors, 445 
Nonconservative forces, 149-50 
Non-Euclidean space, 961—62 
Noninertial reference frames, 
78, 80, A-16 
Nonlinear device, 846 
Nonohmic device, 506 
Nonreflecting glass, 697-98 
Nonuniform circular motion, 
118 
Nonvolatile memory, 606 
Nonvolatile memory (NVM) 
cell, 606 
Normal eye (đeƒn), 719 
Normal force, 84-86 
Normal lens, 718, 743 pr 
Normal X-ray image, 735 
North pole, Earth, 562 


North pole, of magnet, 561 
Notre Dame, Paris, 247 
Nova, 951, 956—57 
Noyce, Robert, 851 
npn transistors, S850 
n-type semiconductor, 844-46 
Nuclear binding energy, 860-62 
Nuclear collision, 180, 182-83 
Nuclear decay, 762 
Nuclear density, 859 
Nuclear enersy, 421 ƒn, 435, 
885-908 
Nuclear fission, 435, 889-94 
Nuclear forces, 129, 862~63, 
867, 922-42, 959 
Nuclear fusion, 435, 894-098, 
95+-5S 
Nuclear magnetic resonance 
(NMR), 906-8 
Nuclear masses, 858 and ƒƒ 
Nueclear medicine, 903-~8 
Nuclear physics, 857-908 
Nuclear power, 891—94 
Nuclear power plants, 435, 597, 
891-93 
Nuclear radius, 859 
Nuclear reactions, 885—89 
Nuclear reactors, S90-93, 
896-98 
Nuclear spin, 860 
Nuclear structure, 858-60 
Nuclear weapons testing, S94 
Nucleon, 858, 91ó, 938, 971-—72 
Nucleon number, conservation 
of, 869, 926-28 
Nucleosynthesis, 954-55, 972 
Nuecleotide bases, 40-61, 
834-36 
Nucleus, 858 ƒƒ 
compound, 8§9 
daughter and parent (deƒn), 
864 
half-lives of, 869—71 
liquid-drop model of, S89 
masses of, 858-60 
radioactive decay of 
unstable, 86ó3-~77 
s1ze Of, 859 
structure and properties 0ƒ, 
858-60 
Nuclide (deƒn), 858 
Nuill result, 747, 748 
Null technique, 559 pr 
NVM (nonvolatile memory) 
cell, 606 


Object distance, 647, 652, 
664-65 
Objective lens, 724, 725, 726, 
731-32 
large diameter, 731 
Observable universe, 967, 
969-~70, 974 
Observations, 2, 745 
and uncertainty, 806—7 
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Occhialimi, G., 923 
OccupIed states, density of, 841 
Ocean currents, and 
convection, 402 
Octave, 335 
Oersted, H. C., 563 
Off-axis as(Igmatism, 727 
Ohm, G. S., 505 
Ohm (©) (unit), 506 
Ohmmeter, 548, 576 
Ohm law, 505-8, 528, 534 
Oil film, 697, 709 pr 
Oil-drop experiment, 773 
OLED, 849-50 
applications, 849 
Omesga (particle), 931 
One-dimensional waves, 310 
Onnes, H. K., 517 
Open circuit, 504 
Open system, 394 
Open tube, 338 
Open-tube manometer, 266 
Operating temperatures, heat 
engines, 420 
Operational definitions, 11, 
572 
Oppenheimer, J. Robert, 893 
Optical coating, 697—98 
Optical drive, 605 
Optical 1llusion, 657, 682 
Optical instruments, 697—98, 
713-37 
Optical pumping, 821 
Optical sound track, 778 
Optical tweezers, 636 
Optical zoom, 718 
Optics: 
fiber, 660-61 
øeometrie, 645—70 
physical, 679-704 
Orbit, of the Moon, 129, 137 pr 
Orbit, near-Earth, 134 pr 
Orbital angular momentum, In 
atoms, 812—13 
Orbital quantum number, 812 
Orbitals, atomic, 814 
Order and disorder, 430-31 
Order of interference or 
diffraction pattern, 683-85, 
690-091, 692, 711 pr, 734 
Order-of-magnitude estimate, 
13-15 
Organ pipe, 339 
Organic compounds, 849 
Organic light-emitting diode 
(OLED), 849-50 
Origin, of coordinate axes, 22 
Orion, 950 
Oscillations, 292 ƒƒ 
of aIr columns, 337-40 
damped harmonic motion, 303 
displacement, 294 
electromasnetic, 616 
forced, 304 
LŒ, 616 
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mechanical, 293 
molecular, 326 pr, 393, 839 
resonant, 304 
simple harmonic motion 
(SHM), 295-303 
as source of waves, 306 
Of a spring, 293—95 
on strings, 315-16, 335-37 
Oscillator, simple harmonIic, 
295-303 
Oscilloscope, 492 
Osteoporosis, điagnosis of, 780 
Out-of-phase waves, 314, 611, 
683, 690, 696 
Overdampcd system, 303 
Overexposure, 715 
Overtones, 316, 336, 337, 338, 
340 


p-type semiconductor, 844-46 

P waves, 309, 311 

Pacemaker, heart, 543, 604, 608 

Packet, wave, 327 pr 

Packing of atoms, 840 

Page thickness, 14 

Pain, threshold of, 335 

Pair production, 781, 926 

Pantheon, dome of, 248 

Parabola, 49, 58, 64 

Parabolic reflector, 650 

Parallax, 957-58 

Parallel capacitors, 538-39 

Parallel electrie cireuits, 513, 
528 

Parallel emf, 536-37 

Parallel resistors, 528-32 

Paralleloeram method of 
adding vectors, 52 

Paramagnetism, 580 ƒ 

Paraxial rays (deƒn), 650 

Parent nucleus (đeƒfn), 864 

Paris, 247, 386 

Parsec (pc) (unit), 958 

Partial ionic character, 831-32 

Partial pressure, 380-6S1 

Partially conserved quantities, 
933 

Partially polarized, 700, 704 

Particle (deƒfn), 22 

Particle accelerators, 91ó-21 

Particle classification, 9330-31 

Particle detectors, 847, 877-78, 
921, 934 

Particle exchange, 922~24, 937 

Particle Interactions, 924 ƒƒ 

Particle physIcs, 915-42 

Particle resonance, 932 

Particle-antiparticle paIr, 926 

Particles, elementary, 752, 
915-42 

Particles vs. waves, 680 

Pascal, Blaise, 262, 265, 291 pr 

Pascal (Pa) (unit of pressure), 
262 

Pascals principle, 265 


Paschen series, 788, 792 
Passive solar heating, 435 
Path difference, 683, 694 
Pauli, Wolfsgang, 804, 815, 867 
Pauli exclusion principle, 
815-16, 830, 841, 867, 936, 
955, 956 
Peak current, 514 
Peak voltage, 514 
Peaks, tallest, 11 
Pendulum: 
ballistic, 181 
simple, 16, 301—3 
Pendulum clock, 302 
Penetration, barrler, 76-77 
Penzias, Arno, 967—68 
Percent uncertainty, 6, 8 
and significant figures, 8 
Perfect cosmological principle, 
967 
Performanee, coeffieient of 
(COP), 426, 427 
Perfume atom1zer, 277 
Period, 111, 203, 294, 298-909, 
306 
Of cireular motion, 111 
of pendulums, 16, 302 
of planets, 126-28 
Of rotation, 203 
sidereal, 129, 137 pr 
of simple harmonic motion, 
298-99 
synodIc, 129, 137 pr 
of vibration, 294 
of wave, 306 
Periodic motion, 293 ƒƒ 
Periodic Table, 816-17, 858 ƒn, 
1nside back cover 
Periodic wave, 306 
Perlmutter, Saul, 976 
Permeability, magnetic, 570, 
579-80 
Permeability of free space, 570 
Permittivity, 448, 4§S 
Perturbations, 127 
PET, 905-6 
Phase: 
1n ac circuit, 611—16 
changes of, 377-79, 397-400 
of matter, 261, 360-61 
of waves, 314, 683, 690, 
694-098 
Phase angle, 615 
Phase-contrast microscope, 733 
Phase diagram, 378 
Phase plate, 733 
Phase shift, 695, 697, 698 
Phase transitions, 77-81, 
397-400 
Phases of the Moon, 129 
Phasor diagram, 614 
Phon (unit), 334 
Phone: 
cell, 318, 602, 604, 631, 639 
cordless, 604 


Phonon, 847 ƒn 
Phosphor, 877 
Phosphorescence, 820 
Photino, 942 
Photocathode, 77 
Photocell, 499 pr, 776 
Photocell eircuit, 776, 778 
Photoconductivity, 462 
Photocopler, 454, 462—63 
Photodiode, 778, 847-48 
Photoelectric effect, 776-78, 
781, 899 
applications, 778 
Photographic emulsion, 78 
Photographrc film, 714, 715 
Photomultiplier (PM) tube, 
801 pr, 877-78 
Photon, 775-82, 804-6, 816, 
916, 922-24. 926, 930-31, 
971-73 
absorption of, 820 
decoupled (early universe), 
969, 973 
and emf, 922 
energy of, 777, 779 
mass of, 779 
mediation of (force), 922 
momentum of, 779 
virtual, 922 
Photon exchange, 922-24 
Photon interactions, 781 
Photon theory of lipht, 775-82 
predictions, 777 
Photosynthesis, 779 
Photovoltaic (solar) cells, 435, 
556 pr, 847 
Photovoltaic panel, 847 
Physics: 
classical (deƒn), 2, 847 
modern (deƒn), 2, 745 
relation to other fields, 4-5 
Pi meson, 816, 923, 930-31, 935 
Piano tuners, number of, 14-15 
Piano tuning, 343 
Pick-up nuclear reaction, 911 pr 
Picture sharpness, 717—18 
Pin, structural, 246 
Pincushion dđistortion, 728 
Pinhole camera, 742 pr 
Pion, 923, 930-31, 932 
kinetic energy of, 761 
Pipe, light, 660 
Pipe, vibrating aIr columns In, 
335/7 
Pipe organ, 339 
PIsa, tower, 34, 302 
Pitch of a sound, 329 
Pixels, 10, 488-89, 491—92, 
703-4, 714, 717, 736 
Planck, Max, 775 
Planck length, 19 pr, 970 
Planck time, 941, 970 
Planek”s constant, 775, 808 
Planck”s quantum hypothesIs, 
771,179 


Plane: 
focal, 662 
mirror, 645-49 
polarization of lipht by, 
699—702 
Plane geometry, A-7-A-8 
Plane waves, 312-13, 628, 682 
Plane-polarized light, 700 
Planetary motion, 125-28 
Planets, 3, 125-28, 134 pr, 
137 pr, 189, 197 pr, 228 pr 
period of, 126-28 
Plasma, 261, S97 
Plastic region, 241 
Plate tectonics, 272, 289 pr 
Plum-pudding model of atom, 
786 
Plumb bob, 137 pr 
Pluto, 126, 127, 948 
Plutonium, 888, 892, 894 
PM tube, 801 pr, 877-78 
pn diode laser, 848 
pn Junction, 845-50 
pn Junction diode, 845—50, 878 
pn Junction laser, 822 
pnp transistor, 850 
Point: 
boiling, 362, 380, 397 
breaking, 241 
critical, 377 
dew, 381 
far, 719 
focal, 49-50, 655, 661, 719 
freezing, 362, 397 
1maøe, 647 
mathematical, 22 
melting, 397-400 
near, 719 
sublimation, 378 
triple, 378 
Point charge (deƒn), 449 
potential, 479-8§1 
Point particle, 22, 88 
Poise (P) (unit), 279 
Poiseuille, J. L., 280 
Poiseuille”s equation, 280 
Poisson, Siméon, 687 
Polar, 460 
Polar Ice caps, 405 
Polar molecules, 445, 461, 482, 
486, 831-32 
Polarization of lipht, 699-702, 
711pr 
by absorption, 699—701 
plane, 699—702 
by reflection, 701-2 
of skylipht, 704 
Polarizer, 700-4 
Polarizing angle, 702 
Polaroid, 699—701 
Polaroid sheet, 699 
Pole vault, 153 
Poles, seographic, 562 
Poles, magnetic, 560-62 
of Earth, 562 


Pollution: 
arr, 4334-35 
thermal, 434-35 
Poloidal field, 898 
Polonium, 863 
Polymers, 849 
Pontecorvo, Bruno, 928 ƒn 
Pool depth, apparent, 658 
Pope, Alexander, 963 ƒn 
Population, inverted, 821-22, 
848 
Position, 22 
angular, 199 
equilibrium (vibrational 
mofion), 293 
as a function of time (SHM), 
299-300 
uncertainty in, 806—9 
Positive curvature, 962, Ø75 
Positive electric charge (deƒn), 
444, 475, 503, 505 
Positive holes, 844 
Positive lens, 665 
Positron, 781, 868, 905~6, 916, 
924-26 
Positron emission tomography 
(PET), 905-6 
Post-and-beam consfruction, 
243 
Potassium-40, 883 pr, 912, 913 
Potential (see Electric potential) 
Potential difference, electric, 
474 ƒ, 527, 845 (see also 
Electric potential; Voltage) 
Potential drop, 507 
Potential enersy (deƒfn), 145-48 
and ƒƒ 
diagrams, 832-34 
elastic, 148, 154-55, 295-97 
electric, 74-76, 481. 486-87 
gravitational, 145-47, 154-55 
for molecules, 832-34, 839, 
840 
for nucleus, Ñ76 
as stored enersy, 148 
Potentiometer, 559 pr 
Pound (Ib) (unit), 79 
Powell, C. FE, 923 
Power (đeƒn), 159-61, 510-15, 
615 
energy vs., 159 
rating of an engine, 159-61 
wind., 435 
Power, magnifying, 722 
total, 724 
(see also Electric power) 
Power backup, 484 
Power factor (ac circuit), 615 
Power generation, 434-35, 597 
Power of a lens, 662 
Power plants: 
fossil-fuel, 434-35 
nuclear, 435, 597, 891—-93 
Power reactor, 891-92 
Power transmission, 601—4 


Powers of ten, 7, A-3 
Poynting vector, 634 ƒn 
Precision, 5-8 
aCCuracy vs., 8 
Prefixes, metric, 10 
Presbyopia, 720 
Prescriptive laws, 5 
Pressure (deƒn), 244, 262-64 
absolute, 264 
atmospheric, 264, 266—67 
blood, 283 
1n fluids, 262—63 
1n a gas, 264, 367-72, 374, 
377-81 
gauge, 264 
head, 263 
hydraulic, 265 
on living cells, 264 
measurement of, 266-67 
partial, 380-681 
and Pascals principle, 265 
tire, 372 
unifs for and conversIons, 
262, 264, 266—67 
vapor, 379 
volume changes under, 244, 
415-17 
Pressure amplitude, 330, 333 
Pressure cooker, 380, 388 pr 
Pressure øauges, 266—67 
Pressure gradient, 280, 
400 ƒn 
Pressure head, 263 
Pressure waves, 309, 330 ƒƒ 
Prestressed concrete, 246 
Primary coil, 600 
Principal axis (deƒn), 650 
Principal quantum number, 
789 ƒƒ, 812—14 
Principia (Newton), 77 
Principle, 5 (see proper name) 
Principle of complementarIty, 
782 
Principle of correspondence, 
765, 795, 804 
Principle of equIipartition of 
energy, A-21 
Principle of equivalence, 
959-60 
Principle of superposition, 
313-14, 340-41, 450-53, 
455 
Printers, inkJet and laser, 463 
Prism, 660, 686 
Prism binoculars, 660, 725 
Probability: 
and entropy, 432-33 
1n kinetic theory, 373—77 
1n nuclear decay, 869 
1n quantum mechanics, 805, 
S06, 810-11, 830-32 
Probability density (probability 
distribution): 
1n atoms, 805, 6811, 814 
1n molecules, S830-32 


Problem-solving strategies, 30, 
57, 60, 88, 115, 141, 158, 
184, 211, 234, 399, 436, 
456, 534. 568, 594, 655, 
666, 697 

Processes: 

adiabatic, 415-—16 

1sobarIc, 415 

1sochoric, 415 

1sothermail, 414-15 

1sovolumetrie, 415 

reversible and Irreversible 
(defn)., 423 

Projectile, hor1zontal range 0Ï, 
63-64 

ProJectile motion, 49, 58—64 

kinematic equations for 
(fable), 60 
parabolic, 49, 58, 64 

Proper length, 756 

Proper time, 753, 945 pr 

Proportion, direct and Inverse, 
A-1-A-2 

Proportional limit, 241 

ProteiIns, 460 

shape of, 837 
synthesIs oÉ, 836-377 

Proton, 445, 762, 858 ƒƒ, S85, 
894-96, 904, 916, 930-31, 
934 

decay, 930, 940-41 
magnetic force on, 566 
mean life of, 941 

Proton-antiproton collision, 
934, 1164 

Proton centers, 904 

Proton decay, 930, 940-41 

Proton-proton chain, 895, 954 

Proton therapy, 904 

Protostar, 954 

Protractor (for angles), 7 

Proxima CentaurI, 948 

Pseudoforce, A-16-A-17 

Psĩ (pound per square inch), 
262 

p-type semiconductor, 844-46 

PT diagram, 378 

Ptolemy, 2, 3, 125 

Pulley, 91-92, 211, 212, 225 pr 

Pulse, wave, 306 

Pulse-echo technique, 349—51, 
908 

Pulsed laser, 822 

Pulsed oximeter, 848 

Pumps, 267, 282-83 

centrifugal, 282 
circulating, 282 
force, 267, 282 
heat, 425-27 
vacuum, 267, 282 

Pupil, 719 

Putting, in gol£, 47 pr 

PV diagrams, 377-78, 414 

Pythagorean theorem, 51, 
55ƒm, A-8 
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OCD, 923, 937-39 
OED, 922 
OSOSs, 951, 961 
Quadratic equation, 36, 38 
Quadratic formula, 38, A-6, 
1nside back cover 
Ouality factor (@-value) of a 
resonant system, 624 pr 
Ouality of sound, 340-41 
Quantities, base and derived, 
10-11 
Quantization: 
of angular momentum, 789, 
812-13 
Of electric charge, 448 
of energy, 775, 789-95 
Quantization error, 488 
Quantum chromodynamics 
(OCD), 923, 937-39 
Ouantum condition, Bohrs, 
789, 795-96 
Quantum electrodynamics 
(OED), 922 
Quantum (quanta) of energy, 
W 
Quantum fluctuations, 974 
Quantum hypothesis, Planck°s, 
771, 775 
Quantum mechanics, 796, 
804-51 
of atoms, 796, 803-24 
Copenhagen Interpretation 
of 811 
of molecules and solids, 
829-51 
Quantum numbers, 775, 
789-091, 812-14, 815-16, 
837-39 
8round state, S15 
princrpal, 789 ƒƒ 
Quantum theory, 745, 771-96, 
804-51 
Of atoms, 789-96, 803-24 
of blackbody radiation, 774 
of light, 774-82 
Of specific heat, A-21 
Quarks, 448 ƒn, 916, 922-24, 
930-31, 933-38, 971—72 
combinations, 936 
confinement, 937, 971 
Ouasars (quasistellar obJects, 
OSOSs), 951, 961 
Quintessence, 977 
O-value (disintepration 
enersy), 865 
O-value (quality factor) of a 
resonant system, 624 pr 
Ó-value (reaction energy), 886 


Rad (unit), 900 

Rad equivalent man (rem), 901 

Radar, 348, 349, 630, 639 

Radial acceleration, 110 ƒƒ, 118 

Radian (rad), measure for 
angles, 199-200 
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Radiation, electromagnetic: 
blackbody, 774, 952, 968 
COSmIC microwave 
background, 967-70, 973, 
974, 977-78 

emissivity of, 403 

gamma, 863-64, 868-609, 
898-99 

from human body, 404 

Iinfrared (IR), 630, 686, 693 

microwave, 630, 639 

seasons and, 405 

solar constant and, 405 

synchrotron, 919 

thermal, 403-6 

ultraviolet (UV), 630, 686, 
693 

X-ray, 630, 733-35, 819 (see 
also X-rayS) 

Radiation, nuclear: 
activity of, 870, 72, 900 
alpha, 863-66, 869 
beta, S63-64, 866-68, 869, 

956 
damaøse by, 899 
đetection of, 77-78, 901 
dosimetry for, 899-903 
gamma, 863-64, 868-609, 
898-99 
human exposure to, 901—3 
1on1zIng (deƒn), 898 
measurement of, 899-903 
medical uses of, 903-8 
types of, 8ó3-64, 869 

Radiation biology, 903—8 

Radiation damage, 899 

Radiation-dominated unIverse, 

972-73 

Radiation dosimetry, 

899-903 

Radiation era, 72-73 

Radiation field, 628 

Radiation film badge, 878, 

901 

Radiation pressure, 635—36 

Radiation sickness, 901 

Radiation therapy, 903—4 

Radiation worker eXpOosure, 

901 

Radio, 636-39 

Radio receiver, 638 

Radio transmitter, 637 

Radio waves, 630, 639, 731 

Radioactive backsground, 

natural, 866, 901 

Radioactive dating, 74-76 

Radioactive decay, 863—78 

Radioactive decay constant, 

869-70 
Radioactive decay law, 870 
Radioactive decay serles, 
873-74 

Radioactive fallout, 894 

Radioactive tracers, 904—-5 

Radioactive waste, 892~94 


Radioactivity, 857—78 
artificial (deƒfn), 863 
natural (deƒn), 863 

Radiofrequency (RF) signal, 

637, 907-8 

Radioisotope (đeƒfn), 863 

Radionuclide (đeƒfn), 863, 900 

Radiotelescope, 731 

Radium, 863, 864 

Radius, of nuclei, 859 

Radius of curvature (đeƒn), 117 

Radius of Earth, estimate of, 

15, 19 pr 

Radon, 864, 901, 902-3, 912 pr 
exposure, 902-3 

Rae Lakes, 13 

Rainbow, 686 

RAM (random access 

memory), 482, 500 pr, 
605-6 
Ramp vs. stair analogy, 775 
Random access memory 
(RAM), 482, 500 pr, 605—6 

Range of proJectile, 63—64 

Raphael, 2 

Rapid estimating, 13-15 

Rapid transit system, 47 pr 

Rare-earth solid-state lasers, 

S22 

Rarefactions, in waves, 307 

Rate of nuclear decay, 869—73 

Ray, 312, 645 ƒ. 661 ƒ 
paraxial (deƒn), 650 

Ray diagram, 651, 655, 666 

Ray model of lipht, 645 ƒ, 661 ƒ 

Ray tracing, 645 ƒ, 661 ƒƒf 

Rayleiph, Lord, 729 

Rayleigh criterion, 729 

RBE, 901 

®ÑC circuits, 539-43 
applications, 542-43 

Reactance, 612, 613 
capacitive, 613 
Inductive, 612 
(see also Impedance) 

Reaction energy, S86 

Reaction time, 32, 610 

Reactions: 
chain, 890-091, 893—94 
chemical, rate of, 377 
endoergic, 886 
endothermic, 886 
nuclear, 885-809 
slow-neutron, 8§ó-87 
subcritical, 891, 894 
supercritical, 891, 894 

Reactors, nuclear, 890-93, 

896-98 

Reading data, 605 

Read/Write head, 604 

Real gases, 3577-78 

Real image, 647, 651, 663 

Rearview mirror, convex, 656 

Receivers, radio and television, 

638 


Recoil, 176 
Recombination epoch, 973 
Rectangular coordinates, 22 
Rectiflers, S46-47, 853 pr 
Rectilinear motion, 21-40 
Recurrent novae, 956 
Red giants, 951, 953-5S 
Redshift, 348, 959, 964-65, 969 
Doppler, 965 
Origins, 965 
Redshift parameter, 947, 965 
Reduecing friction, 95 
Reference frames, 22, 65, 
77-78, 218, 745 fƒ, 
A-16-A-18 
accelerating, 77, S0 
Earth”s, 128 
inertial, 77, 80, 745 ƒ, A-16 
noninertial, 78, 80, 137 pr, 
745, A-16 
roftating, 218, A-16-A-18 
Sun?s, 128 
Reflecting telescope, 725 
Reflection: 
angle of (đeƒn), 313, 645 
điffuse, 646 
law of, 313, 645 
and lens coating, 697-98 
of light, 644-49 
phase changes during, 693-98 
polarization by, 701-2 
specular, 646 
from thin films, 693—98 
total internal, 327 pr, 659—61 
Of waves on a cord, 312-13 
Reflection grating, 690 
Refracting telescope, 724 
Refraction, 317-18, 6656-70, 
681-82 
angle of, 317, 657 
of earthquake waves, 318 
Index of, 656 
law o£, 317, 657, 681-82 
of light, 656-58, 6§1—82 
and Snell's law, 657-58 
by thĩn lenses, 661—64 
Of water waves, 317 
Refresh rate, 492 
Refriperators, 425-27 
coefficient of performance 
(COP) of, 426 
Regelation, 384 pr 
Reheating, 971 
Reines, Frederick, 928 ƒ 
Reinforced concrete, 246 
Relative biological 
effectiveness (RBE), 901 
Relative humidity (deƒn), 380 
Relative motion, 65-66, 591, 
744-65 
Relative velocity, 65-66, 
178-79, 749 ƒƒ, 764 
Relativistic addition of 
velocities, 764 
Relativistic energy, 760-64 


Relativistic formulas, when to 
use, 763-64 
Relativistic mass, 760 
Relativistic momentum, 
759-60, 763 
Relativistic velocity 
transformations, A-24 
Relativity, Einstein”s theory of, 
4 
Relativity, Galilean-Newtonian, 
745-417, A-22-A-23 
Relativity, general theory of, 
948, 0959-63 
Relativity, special theory o£, 
744-65, 959 
constancy of speed of light, 
748 
four-dimensional space-time, 
758-59 
1mpact of, 765 
and length, 756—-59 
and mass, 760 
mass-energy relation In, 
760-64 
postulates o£, 748-49 
simultanetty in, 74950 
and time, 749-55, 758-59 
Relativity principle, 746-47, 
748 ƒf 
Relay, 582 pr 
Rem (unit), 901 
Remote controls, 639 
Replication, DNA, 460-62 
Repulsive forces, 832—33, 922 
Research chamber, undersea, 
287 pr 
RResearch reactor, 891 
Reservoir, heat, 414, 423 
RResistance: 
aIr, 33 
thermal, 402 
Resistance and resistors, 50ó—7, 
511,611 
1n ac circuit, 611 ƒƒ 
with capacitor, 539-43, 
611-16 
color code, 507 
and electric currents, 501 ƒƒ 
with inductor, 610, 611—16 
1nternal, in battery, 527-28 
1n LC circuit, 611-16 
of meters, 547-48 
net, 528 
1n series and parallel, 528-32 
shunt, 546, 548 
and superconductivity, 517 
Resistance thermometer, 510 
Resistivity, 508—10 
temperature coefficient of, 
508, 509-10 
temperature dependence of, 
509-10 
Resistor, 506 
composition, 506 
shunt, 546, 548 


symbol, 507, 526 
Wwire-wound, 506 
]RResistors, In series and In 
parallel, 528-32 
Resolution: 
of electron microscope, 
785-686 
of eye, 730, 732 
of hiph-energy acceleratOrs, 
917 
of lens, 717, 728-32 
of lipht microscope, 731-32 
limits of, 728-32 
and pIxels, 717 
Of telescope, 730-32 
of voltage, 488§—§9 
Resolution, of vectors, 53-57 
Resolving power (RP), 731 
Resonance, 304, 315—17 
1n ac cireuit, 616 
elementary particle, 932 
nuclear magnetic, 906—8 
Resonant collapse, 304 
Resonant frequency, 304, 
315-16, 335-40, 616 
Resonant oscillation, 304 
Rest energy, 760-64, 809 
Rest mass, 760 
Resting potential, 518 
Restoring force, 148, 293 
Resultant displacement, 50-52 
Resultant vector, 50-52, 56-57 
Retina, 719, 785 
Reverse-biased diode, 845 
Reversible process, 423 
Revolutions per second (rev/s), 
203 
Reynold”s number, 288 pr 
RF signal, 637, 907-8 
Rho (particle), 931 
Ribosome, 836—37 
Richards, P., 968 
Riess, Adam G., 976 
Rile: 
muzzle velocity, 323 pr 
recoll, 176 
Right angle, A-8 
Right triangle, A—8 
Right-hand rule, 217, 219 ƒn, 
563, 564, 566, 568, 570, 594 
Rigid object (đeƒn), 198 
rofational motion of, 
198-218 
translational motion o£, 
187-89, 213-14 
Ripple voltage, 847 
Rms (root-mean-square): 
current, 514-15 
voltage, 514-15 
Rms (roof-mean-square) 
speed, 376-—77 
RNA, 836-37 
Rock climbing, 105 pr, 106 pr, 
107 pr, 258 pr 
Rocket propulsion, 75, 82, 175 


Rocks, dating oldest Earth, 876 
Rods, 719 
Roemer, Ole, 632 
Roentgen (R) (unit), 900 
Roentgen, W. C., 733 
Roller coaster, 147, 152, 158 
Rolling friction, 93, 213—14 
Rolling motion, 204-5, 212—14 
without slipping, 204—-5 
total kinetic energy, 213 
Rome, 4, 247, 248, 249 
Roosevelt, Franklin, 893 
Root-mean-square (rms) 
current, 514-15 
Root-mean-square (rms) 
speed, 376-—77 
Root-mean-square (rms) 
voltage, 514-15 
Roots, A-2~A-3 
Rotating reference frames, 218, 
A-16-A-18 
Rotation, 198-218 
axis Of (deƒn), 199, 208 
frequency of (deƒn), 203 
and Newton”s second law, 
208-12, 215-17 
period of, 203 
Of rigid body, 198-218 
Rotational angular momentum 
quantum number, 838-39 
Rotational dynamics, 208 ƒf 
Rotational inertia, 208-10 (see 
also Moment of inertia) 
Rotational kinetic energy, 
212-14 
molecular, 393, A-20-A-21 
Rotational motion, 198-218 
kinematics for, 198-205 
uniformly accelerated, 
203-4 
Rotational transitions, 838-39 
Rotor, 577, 598 
Rotor-ride, 135 pr 
Rouph calculations, 13—15 
RP (resolving power), 731 
Rubidium-strontium dating, 
882 pr 
Ruby laser, 821 
Rulers, 6 
Runway, 29 
Russell, Bertrand, 784 
Rutherford, Ernest, 786, 859, 
S63, 885 
Rutherford”s model of the 
atom, 78-89 
R-value, 402, 410 pr 
Rydberg constant, 788, 792 


S wave, 309 
SAE, viscosity numbers, 279 ƒ 
Safety: 
1n electrical wiring and 
circuits, 512-13, 545 
1n Jump starting a car, 537 
Safety factor, 245 


Sailboats, and Bernoulli's 
principle, 277 
Salam, A., 938 
Sampling rate, 488-89 
Satellite dish, 638, 650 
Satellite television and radio, 
639 
Satellites, 109, 122-25 
øeosynchronous, 123 
global positioning (GPS), 
19 pr, 136 pr, 75S 
Saturated vapor pressure, 379 
Saturation (magnetic), 580 
Saturn, 3, 126, 127, 136 pr, 
197 pr 
Sawtooth oscillator, 542 
Sawtooth voltage, 542 
Scalar (deƒn), 50 
Scalar components, 53 
Scalar quantities, 50 
Scale, musical, 335 
Scale, spring, 76 
Scale factor of universe, 965 
Scanner, fan-beam, 736 
Scanning electron microscope 
(SEM), 771, 785—86 
Scanning tunneling electron 
microscope (STM), 786 
Scattering: 
of light, 704 
of X-rays, Brags, 824 
Schmidt, Brian P, 976 
Schrödinger, Erwin, 771, 804, 
812 
Schwarzschild radius, 963 
Scientific noftation, 7 
Scintipram, 905 
Scintillation counter, 77 
Scintillator, 77-78, 905 
Scuba tank, 287 pr, 386 pr, 
389 pr 
SDSS, 978 
Sea of electrons, 925-26 
Search coil, 624 pr 
Seasonal Energy Efficlency 
Ratio (SEER) rating, 427 
Seasons, 405 
Second (s) (unit), 9 
Second harmonic, 316, 338 
Second law of motion, 78-80, 
82, 87-89, 171, 174, 
187-89, 747 
for rotation, 208-12, 215—17 
for a system of particles, 
187-89 
Second law of thermodynamIcs, 
419-33 
and Carnot efficiency, 422-24 
Clausius statement of, 420, 
423 pr, 425 
and efficiency, 422-24 
and entropy, 428-33, 436 
general statement of, 429, 
430 
heat engine, 420-25 
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Second law of thermodynamics 
(continued) 
and Irreversible processes, 
423 
Kelvin-Planck statement of, 
424 
TefrigeratOTS, aIr 
conditioners, and heat 
pumps, 425-27 
reversible processes, 423 
and statistical interpretation 
of entropy, 432-33 
and time'”s arrow, 431 
Secondary coil, 600 
Seeds, of galaxies, 968, 974 
SEER (Seasonal Energy 
Efficiency Ratio) rating, 
427 
Seesaw, 234-35 
Segrè, Emilio, 925 
Seismograph, 607 
Selection rules, 814, 838, 839 
Self-inductance, 608-9 
Self-sustaining chain reaction, 
890-94 
SEM, 771, 785-86 
Semiconductor detector, 878 
Semiconductor điode lasers, 
822 
Semiconductor diodes, 845-50 
Semiconductor doping, 844-45 
Semiconductor Information 
storage, 605~6 
Semiconductors, 445, 508, 
843-50 
compound, §47 
Intrinsic, 843, 844 
n and p types, 844-46 
resIstivity of, 508 
silicon wafer, 878 
Sensitivity, full-seale current, 
546 
Sensitivity of meters, 547-48 
Serles capacItors, 538-39 
Series electric circuits, 503, 528 
Serles em£, 536-37 
Serles resIstors, 528-32 
Sharing of electrons, 460 
Sharpness, picture, 717—18 
Shear modulus, 242, 244 
Shear strength, 245 
Shear stress, 244 
Shear wave, 309 
Shells, atomic, 816-17 
Shielded cable, 617 pr 
Shielding, electrical, 459 
SHM, see Simple harmonic 
moftion 
SHO, see Simple harmonic 
oscillator 
Shock absorbers, 292, 295, 303 
Shock waves, 348-49 
Shocks, 487 
and grounding, 544 
Short circuit, 512-13 
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Short-range forces, 862-63, 959 
Shunt resistor, 546, 548 
Shutter speed, 715, 717 
SI (Système International) 
umís, 10 
SI derived unIts: inside front 
COVeT 
Sicily, 243 
Sidereal period, 129, 137 pr 
Siemens (S) (unit), 523 pr 
Sievert (Sv) (unit), 901 
Sigma (particle), 931 
Sign conventions (geometric 
optics), 653, 655, 665 
Signal voltage, 488-689 
Signals, analog and digital, 
488-69 
Signifiicant figures, ó—7, A-3 
percenf uncertainty vs., 8 
Silicon, 843 ƒƒ 
Silicon wafer semiconductor, 
878 
Simple harmonic motion 
(SHM), 295-303 
applied to pendulums, 301—3 
energy In, 295-907 
period of, 298-099 
related to uniform circular 
mofion, 299-300 
sinusoidal nature of, 300-1 
Simple harmonic oscillator 
(SHO), 295-303 
acceleration o£ 301 
energy In, 295-907 
molecular vibration as, 839 
velocity and acceleration of, 
301 
Simple machines: 
lever, 164 pr, 233 
pulley, 91-92, 211, 212 
Simple magnifter, 722-23 
Simple pendulum, 16, 301—3 
Simultaneity, 749-50 
Sine, 54, A-8 
Sinple-lens reflex (SLR) 
camera, 718 
Single photon emission 
computed tomography 
(SPECT), 905-6 
Single photon emission 
tomosraphy (SPET), 
905-6 
Single-slit diffraction, 687—89 
Singularity, 963 
Sinusoidal curve, 300 ƒƒ 
Sinusoidal traveling wave, 319 
Siphon, 284 pr, 290 pr 
S1ze of star, 952 
Skater, 81, 108 pr, 216 
Skidding car, 116 
Skler, 97, 125, 138, 168 pr 
Sky color, 704 
Sky diver, 69 pr, 101 pr 
SLAC, 920 
Slepton, 942 


Slingshot effect, gravitatlonal, 
197 pr 
Sloan Digital Sky Survey 
(SDSS), 978 
Slope, of a curve, 39-40 
Slow-neutron reaction, 886-87 
SLE camera, 718 
Slug (unit), 79 
SM (Standard Model): 
cosmological, 970-73 
elementary particles, 448 ƒn, 
915, 916, 930, 935—39 
Small Sports Palace, dome o£, 
249 
Smoke, and Bernoulli effect, 
278 
Smoke detector, 8ó6 
Smoot, George, 968 
Snell, W., 657 
Snell's law, 657-58, 681 
SNIa (type la) supernovae, 
956, 957, 958, 976 
SN1987a, 929, 956 
Snowboarder, 49, 107 pr 
Soap bubble, 679, 693, 96-97 
Soaps, 281 
Society of AutomotIve 
Engineers (SAE), 279 ƒn 
Sodium, 615 
Sodium chloride, bonding in, 
831, 833, 840 
Sodium pump, 518 ƒ 
Solar absorption spectrum, 
692-93, 787 
Solar (photovoltaic) cell, 435, 
556 pr, 847 
Solar constant, 405 
Solar eclipse, 129, 229 pr 
Solar energy, 405, 434-35, 
643 pr 
Solar neutrino problem, 928 
Solar pressure, 635 
Solar sail, 636 
Solar system, models, 3, 125 
Solenoid, 572~73, 579—80, 609 
Solid angle, 11 ƒn 
Solid-state lighting, 848 
Solid-state physics, 840 
Solids, 241 ƒƒ, 261, 360, 840-443, 
A-21 (see also Phase, 
changes of) 
amorphous, 840 
band theory of, 842-43 
bonding In, 840-41 
energy levels In, 842-43 
equipartition of energy for, 
A-21 
molar specific heats of, A-21 
Solving for unknowns, A-4—-A-Š 
Sonar, 349-50 
SonIc boom, 349 
Sonogram, 350 
Sound, 328-51 
audible range o£, 329, 334-35 
and beats, 342-43 


đBs of, 331-33 
Doppler effect of, 344-47 
©ar”s response to, 334-35 
Infrasonic, 330 
intensity oŸ 331-33 
Interference of, 341-43 
level, 331-33 
loudness of, 329, 331, 332 
loudness level of, 334 
pItch of, 329 
pressure amplitude o£, 330, 
333 
quality of, 340-41 
shock waves of, 348-49 
and sonic boom, 349 
sources of, 335-40 
spectrum, 341 
speed of, 329 
supersonic, 329, 348-490 
timbre of, 340 
tone color of, 340 
ultrasonic, 329, 350 
Sound barrier, 349 
Sound level, 331-33 
Sound spectrum, 341 
Sound track, optical, 778 
Sound waves, 307, 309, 328-51 
(see also Sound) 
Sounding board, 337 
Sounding box, 337 
Soundings, 349 
Source (in MOSEET), 851 
Source activity, 900 
Source terminal, 605 
Sources of emf, 527, 590-97 
Sources of ferromagnetism, 
579 
South pole, of Earth, 562 
South pole, of magnet, 561 
Space: 
absolute, 746, 748 
curvature of, 961—63, 974-75 
Euclidean and non- 
Euclidean, 961-62 
relativity oŸ 756-59 
telescope, 730, 961 
Space perception, using sound 
Wwaves, 309 
Space quantization, 812 
Space shuttle, 21, 75, 109 
Space station, 122, 125, 130 pr 
Space-time (4-D), 758-59 
curvature of, 961-63, 974-75 
Space-time Interval, 759 
Space travel, 754 
Spatial interference, oŸ sound, 
341-42 
Speaker wires, 509 
Special theory of relativity, 
744-65, 959 (see also 
Relativity, special theory 
of) 
Specialty microscopes, 733 
Specific gravity (đeƒfn). 262, 
271 


Spectfic heat, 393—94, 
A-19-A-21 

for gases, 394 

molar, A-19-A-21 

for solids, A-21 

for water, 393 
SPECT, 905-6 
Spectrometer: 

light, 69293 

mass, 578 


SŠpecfroscope and spectroscopy, 


692-93 
Spectrum, 690-91 
absorption, 692-93, 787 
atomic emission, 692-93, 
787-89 
band, 837 
conftinuous, 692, 774 
electromagnetic, 630, 685—87 
emitted by hot object, 774 
line, 92-93, 787 ƒ 803 
molecular, 837-39 
sound, 341 
visible lipht, 685-87 
X-ray, 817-19 
Specular reflection, 646 
Speed, 23 
average (deƒfn), 23-24, 376 
of EM waves, 629, 631 
1nstantaneous, 25 
Of lipht (see se@Darafe eHfry 
below) 
molecular, 376-77, 433 
most probable, 376 
relative, 178-79 
rms (root-mean-square), 
376-77 
Of sound (se seDarafe enfry 
below) 
of waves, 306, 308-9 
(see also Velocity) 
Specd of light, 9, 629-33, 656, 
681, 747, 748 
constancy o£, 748 
measurement of, 632~33 
as ultimate speed, 760 
Speed of light principle, 748 ƒƒ 
Speed of sound, 329 
Infrasonie, 330 
supersonic, 329, 348-49 
SPET, 905-6 
Spherical aberration, 650, 727, 
728. 729 
Spherical mirrors, Image 
formed by, 649-56, 725, 
728 
Spherical wave, 310, 312 
Spiderman, 167 pr 
Spm: 
boson, 936 
down, 813, 907 
electron, 579, 812-13, 830 
fermion, 936 
nuclear, 860 
up, 813, 907 


Spn angular momentum, 813 
Spn quantum number, 812-13 
Spin-echo technique, 908 
SpIn-orbit interaction, 813 ƒ 
Spine, forces on, 238-39 
Sprral galaxy, 950 
Splitting of atomic energy 
levels, 842, 907 
Spring: 
oscillation o£ 293 ƒ 
potential energy of, 148, 
15455, 295-97 
Spring consfant, 148, 293 
Spring equation, 148, 293 
Spring force, 148 
Spring scale, 76 
Spring stifness constant, 148, 
293 
Springs, car, 295, 303 
SPS, 920 
Spyglass, 725 
Squark, 942 
Stability, of particles, 932 
and tunneling, 76-77 
Stable equilibrium, 240 
Stable nucleus, 863 
Standard candle, 957, 958 
Standard conditions (STP), 370 
Standard length, 9, 698 
Standard mass, 10 
Standard Model (SM): 
cosmological, 70-73 
elementary particles, 448 ƒ, 
915, 916, 930, 935-39 
Standard temperature and 
pressure (STP), 370 
Standard temperature scale, 
363 
Standard of time, 9 
Standards and units, S—11 
Standing waves, 315—17 
circular, 795—~96 
fundamenial frequency of, 
316, 336, 337, 338 
natural frequencles of, 
315-16 
resonant frequencies of, 
315-16, 335, 336 
and sources of sound, 335-40 
Stanford Linear Accelerator 
Center (SLAC), 920 
Star clusters, 950 
Stars: 894-9ó, 948-59 and ƒƒ 
birth and death of, 954-57 
black holes, 136 pr, 951, 956, 
962~63, 975 
elusters of, 950 
color of, 774, 952-53 
đistance to, 957-59 
evolution of 954-57 
fixed, 3, 125 
H-—R diagram, 952-55, 958 
heat death not from, 431 
hiph mass, 955—56 
low mass, 955 


main-sequence, 953-55, 
982 pr 
neutron, 217, 951, 956-57 
numbers of, 949 
quasars, 951, 961 
red giants, 951, 953—55 
s1ze of, 406, 952 
Source of energy of, 894-96, 
95456 
Sun (sec Sun) 
supernovae, 929-30, 951, 
955-58 
temperature of, 952 
types of, 951 and ƒƒ 
variable, 958 
white dwarfs, 951, 953, 
95S-57 
Starter, car, 573 
Statcoulomb, 448 ƒn 
State: 
changes of, 377-81, 397-400 
enerøy, In atoms, 789-095 
equation of, for an Ideal øas, 
367, 370, 372 
of matter, 261, 360-61 
metastable, 820, 821-22, 869 
as physical condition of 
system, 367 
State variable, 367, 413, 428 ƒn 
Static electricity, 444 ƒƒ 
Static equilibrium, 230-49 
Static friction, 94, 204, 214 
coefficient of, 93, 94 
Static rope, 107 pr 
Statics, 230-49 


and center of mass (CM), 233 


Sfatlonary sfates, in atom, 
789-96 
SftatIistIcs: 
and entropy, 432-33 
Fermi-Dirac, 841 
Stator, 598 
Steady-state model of universe, 
967 
Steam engine, 420-21 
efficlency, 424 
Steam power plants, 434, 435, 
§92-93 
Stefan-Boltzmanmn constant, 
403 
Stefan-Boltzmamn law (or 
equation), 403, 952 
Stellar evolution, 954-57 
Stellar fusion, 894-96 
Step-down transformer, 601~2 
Step-up transformer, 01-2 
Stereo, 636 ƒ 
Sterilization, 904 
Stimulated emission, 820-23 
SIM, 786 
Stopping a car, 32, 145 
Stopping potential, 776 
Stopping voltage, 776 
Storage, information, 604-6 
Storage rings, 920 


Stored energy, as pofenfial 
energy, 148 
Stove, induction, 594 
STP, 370 
Strain, 243-44 
Strain gauge, 525 pr 
Strange particles, 932—33 
Strange quark, 934 
Strangeness, 931 ƒ, 9322-33 
conservation of, 933 
Strassman, Fritz, S89 
Straw, 264, 267, 289 pr 
Streamline (defn), 272—73 
Streamline flow, 272-73 
Strength of materials, 242, 
245 
Stress, 243-44 
compressIve, 243-44 
shear, 244 
tensile, 243-44 
thermal, 367 
String, 942 
String theory, 19 pr, 942 
Stringed Instruments, 317, 
3306-37 
Strinøs, vibrating, 315-16, 
335-37 
Stripping nuclear reaction, 
911pr 
Stromboli, 64 
Strong bonds, 829-32, 834-35, 
840 
Strong nuclear force, 129, 862, 
888 ƒn, 922-42, 959 
and elementary particles, 
922-42 
Strongly interacting particles 
(đeƒn). 930 
Strontum-90, 883 pr, 913, 914 
Structure: 
fine, 803, 813 
of universe, Ø73-75, 77-78 
Subcritical reactions, 891, 894 
Sublimation, 378 
Sublimation point, 378 
Subpixels, 491-92 
Subshells, atomic, 816-177 
Subtraction of vectors, 52-53 
Suction, 267, 289 pr 
Sun, 3, 126-29, 134 pr, 135 pr, 
136 pr, 894-96, 948-49, 
951-55 
energy source of, 894-9ó, 954 
mass Of 126-27 
reference frame of£, 3, 125, 
128 
surface temperature of, 403, 
774 
Sunglasses, polarized, 701 
Sunsets, color, 704 
Super Invar, 386 pr 
Super Proton Synchrotron 
(SPS), 920 
Supercluster, 950 
Superconducting magnets, 572 
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Superconductivity, 517 
Supercritical reactions, S91, 894 
Superdome (New Orleans, LA), 
248 
Superfluidity, 378 
Supernovae, 929-30, 951, 
955-58 
as source of elements on 
Earth, 956 
type la, 956, 957, 958, 976 
Superposition, principle of, 
313-14, 340-41, 450-53, 455 
Supersaturated air, 381 
Supersonic speed., 329, 348-49 
Superstring theory, 942 
Supersymmectry, 939, 942 
Supply voltage, 488 
Surface area formulas, inside 
back cover 
Surface of last scattering, 969 
Surface tension, 280-82 
Surface waves, 309-10 
Surfactants, 281 
Surgery, laser, 823 
SUSY, 942 
Swing, children”s, 304 
Symmetry, 14, 37, 62, 119, 183, 
186, 218, 233, 447 ƒn, 449, 
456, 457, 464, 465, 539, 
574, 626, 627, 653, 670, 
782, 934. 940, 942, 971 
Symmetry breaking, 940, 971 
Synapse, 517 
Synchrocyclotron, 919 
Synchrotron, 919 
Synchrotron radiation, 919 
Synodic period, 129, 137 pr 
Système International (S1), 10, 
1nside front cover 
Systems, 90, 174, 394-9ó, 413 
elosed, 394 
1solated, 174, 394-96 
open, 394 
overdamped, 303 
Of particles, 17-89 
as set of obJects, 90, 413 
underdamped, 303 
Of units, 10 
Systolic pressure, 283 


Tacoma Narrows Bridge, 304 

Tail-to-tip method of adding 
vectors, 51-52 

Tangent, 39, 54, A-8 

Tangential acceleration, 118, 
201—3 

Tape recorder, 604 

Tau lepton, 927, 930-31, 935 

Tau lepton number, 927, 
930-31 

Tau neutrino, 930-31 

Technetium-99, 905 

Technology generation, 851 

Teeth, braces and forces on, 
231 
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Telephone, cell, 318, 602, 604, 
631, 639 
Telephoto lens, 718 
Telescope(s), 723-25, 730-32 
Arecibo, 731 
astronomical, 650, 724-25, 
743 pr 
Galilean, 723, 723 ƒn, 725 
Hale, 725 
Hubble Space (HST), 136 pr, 
730, 743 pr, 961 
Keck, 725 
Keplerian, 723 ƒn, 724 
magnification of, 724 
reflecting, 725 
refracting, 724 
resolution of, 730-32 
space, 730, 950, 961 
terrestrial, 725 
'Television, 490-92, 636-309, 
703-4 
hiph definition, 491—-92 
'Television receiver, 638 
TEM, 785 
Temperature, 361—63, 368 
absolute, 362, 368 
Celsius (or centiprade), 362 
critlcal, 377, 517 
Curie, 579 
distinguished from heat and 
1nternal energy, 392 
Fahrenheit, 362 
gradient, 400-1 
human body, 363, 400 
Kelvin, 362, 368 
molecular Interpretation oŸ, 
373-76 
operating (of heat engine), 420 
relation to chemical 
reactions, 377 
relation to molecular kinetic 
energy, 374_75, 392-93 
relation to molecular 
velocities, 373-—77 
scales of, 362-63, 368 
standard scale, 363 
Of star, 952 
transition, 517 
Of the universe, 941 
'Temperature coefficient of 
resistivity, 508, 509—10 
Temperature dependence of 
resIs{ivity, 509—10 
Tennis serve, 73 pr, 172, 176, 
193 pr 
Tensile strength, 245 
Tensile stress, 243-44 
Tension (stress), 243-44 
Tension, surface, 280-82 
'Tension in flexible cord, 89 
Terminal, of battery, 503, 505 
Terminal velocity, 34 ƒn 
Terminal voltage, 527-28 
Terrestrial telescope, 725 
Tesla (T) (unit), 565 


Test charge, 453 
Testing, of ideas/theorles, 3 
Tevatron, 762, 919, 920 
TFT 492 
TFTR. 898 
TheorIes (general), 3-5 
Theories of everything, 942 
Therm (unit), 391 
Thermal conductivity, 400—1 
'Thermal conductor, 401 
'Thermal contact, 363 
Thermal energy, 156-57, 392 
distinguished from heat and 
temperature, 392 
transformation of electrie to, 
510 
(see also Internal energy) 
Thermail equilibrium, 363, 
394-95 
Thermal expansion, 364-67 
anomalous behavior of water 
below 4°C, 366-67 
coefficients of, 364 
linear expansion, 364-65 
volume expansion, 366 
"Thermal insulator, 401 
Thermal pollution, 434-35 
Thermal radiation, 403-6 
Thermal resistance, 402 
'Thermal stress, 367 
Thermal windows, 401 
Thermionic emission, 490 
Thermistor, 510 
Thermodynamic processes, 
414-18 
adiabatic, 415—16 
1sobarie, 415 
1sothermal, 414-15 
1sovolumetric, 415 
work done In volume 
changes, 415—17 
Thermodynamics, 363, 412—36 
first law of, 413-19 
second law of 419-33 
third law of, 424 
zeroth law of, 363 
Thermography, 405 
Thermoluminescent dosimeter 
(TLD), 901 
'Thermometers, 361—63 
bimetallic-strip, 362 
constanft-volume øas, 363 
liquid-in-glass, 362 
mercury-In-glass, 361—62 
resistance, 510 
Thermonuclear devices, 897 
Thermonuclear runaway, 957 
Thermostat, 384 pr, 411 pr 
Thin lens equation, 664-67 
'Thin lenses, 6ó61—70 
'Thin-film Interference, 693—~98 
Thin-film transistor (TFT), 492 
Third law of motion, 81-83 
Third law of thermodynamics, 
424 


Thomson, G. P., 783 
Thomson, J. J., 772—73, 783, 784 
Thought experiment, 749 
and ƒ, S07 
đefinition, 749 
Three Mile Island, 892 
'Three-dimensional waves, 310 
Three-way liphtbulb, 556 pr 
Threshold energy, 887 
Threshold of hearing, 335 
Threshold of pain, 335 
Thymine, 460 
TA, 278 
Tidal wave, 306 
Timbre, 340 
Time: 
absolute, 746 
characteristic expansion, 967 
lookback, 951, 969 
Planck, 941, 970 
proper, 753, 945 pr 
relativity of, 749-55, 758-59 
standard of, 9 
Time constant, 540, 610, 871 
Time dilation, 750-55, A-25 
Time-of-flipght, 906 
Time Intervals, 9, 24 
Time”s arrow, 431 
Tire pressure, 372 
Tire pressure gauge, 266 
TLD, 901 
Tokamak, 898 
Tokamak Fusion Test Reactor 
(TETR), 898 
Tomography, 735—~37 
1mage formation, 736 
1maøe reconstruction, 736-357 
Tone color, 340 
Toner, 462 
Toothbrush, electric, 604 
Top quark, 934 
Topographic map, 478 
Toroid, 580, 586 pr, 898 
Toroidal field, S98 
Torque, 206—8 ƒƒ 
counter, 600 
on current loop, 575-76 
work done by, 214 
Torr (unit), 266 
Torricelli, Evangelista, 266—67, 
276 
Torricellis theorem, 276 
Torsion balance, 447 
Torus, 580, 586, 898 
Total binding energy, 769 pr, 
861 
Total internal reflection, 
327 pr, 659-61 
Total magnifying power, 724 
Total mechanical energy (deƒfn), 
150, 295-97 
Townsend, J. S., 773 
'Tracers, 904—5 
Traffic light, LED, 848 
Transfer-RNA (t-RNA), §36-37 


Transformation of energy, 
155-56, 159 
Transformations: 
Galilean, A-22-A-25 
Galilean velocity, A-23-A-24 
Lorentz, A-24-A-25 
Transformer, 601-3, 608 
Transformer equation, 601 
Transfusion, blood, 288 pr, 
289 pr 
Transient Ischemic attack 
(TIA), 278 
"Transistors, 845, 850-51 
bipolar Junction, 850-51 
field-effect, S51 
metal-oxide semiconductor 
field-effect, 605, 851 
Transition elements, S17 
Transition temperature, 517 
"ransitions, atoms and 
molecules, allowed and 
forbidden, 814, 821 ƒn, 
837-39 
Translational kinetic energy 
(defn). 142-45 
'Translational motion, 21-189 
and center of mass (CM), 
187-89 
kinematics for, 21-40, 49-66 
"ITransmission axiIs, of Polaroid, 
699—701 
Transmission electron 
microscope (TEM), 785 
Transmission grating, 690 ƒƒ 
ITransmission lines, 603, 631 
Transmission of electricity, 603 
Transmission of power, 
wireless, 604 
'Transmission of waves, 312—13 
Transmutftation of elements, 
864, 885-809 
Transparency, 843 
"ITransuranic elements, S88 
Transverse waves, 307 ƒƒ 
and earthquakes, 309 
EM waves, 629 
speed of, 308 
Traveling sinusoidal wave, 
319 


Trees, offsettIing CO; emissions, 


442 pr 

Triangle, on a curved surface, 
961 

Triangulation, 14, 957 

Trigonometric functions and 
1dentities, 54, 56, 63, 
A-8§—-A-09, inside back 
COVeT 

Trigonometric table, A-9 

Triple point, 378 

Triium, 858, 883 pr, 897, 
A-12 

Tritiuim dating, 883 pr 

Triton, 858, A-12 

t-RNA, 836-37 


Trouph, wave, 306, 313—14 
True north, 562 
Tsunami, 306, 327 pr 
Tubes: 
discharge, 772, 787 
flow in, 273-76, 278, 279-80 
open and closed, 338 
Venturi, 278 
vibrating column oÝ aïr In, 
335/7 
Tunneling: 
throueh a barrler, Š76—77 
1n a microscope, 786 
quantum mechanical, 606, 
876-77 
and stability, Š76—77 
Turbine, 434-35, 597 
Turbulent flow, 273, 277 
22-nm technology, 851 
Twin paradox, 754-55 
'Two-dimensional collisions, 
182-83 
'Two-dimensional waves, 310 
Tycho Brahe, 125 
Type la supernovae (SNIa), 
956, 957, 958, 976 
Tyrolean traverse, 258 pr 


UAI1 detector, 924 
Ultimate speed, 760 
Ultimate strength, 241, 245 
UlItracapacItors, 499 pr 
UlItrasonic frequencIes, 329, 
350 
Ultrasonic waves, 329, 347, 
350 
UItrasound, 350 
UItrasound imaging, 350-51 
UItraviolet (UV) light, 630, 
686, 693 
Unavallability of energy, 431 
Unbanked curves, 115-17 
Uncertainty (in 
measurements), 5-8, 
806-9 
estimated, 6 
percent, 6, 8 
Uncertainty principle, 806-9, 
830 
and particle resonance, 932 
and tunneling, 77 
Underdamped system, 303 
Ủnderexposure, 715 
Underground arr circulation, 
278 
Undersea research chamber, 
287 pr 
Underwater vision, 721 
Unification distance, 946 pr 
Unifieation scale, 940 
Unified (basis of forces), 938 
Unified atomic mass units (u), 
10, 360, 860 


Unified theories, grand (GUT), 


129, 939-41 


Uniform circular motion, 
110-15 
dynamics of, 112-15 
kinematics of, 110-12 
related to simple harmonIc 
motion, 299-300 
niform magnetic field, 562 
niformly accelerated motion, 
28 ƒf, 58 ƒf 
Uniformly accelerated 
rofational motion, 203-4 
Unit conversion, 11-12, inside 
fronf cover 
nifs and standards, 8-11 
nifs Of measurement, 8—10 
converting, 11—12, inside 
fronf cover 
prefixes, 10 
1n problem solving, 12, 30 
Universal gas constant, 370 
Universal law of gravifation, 
119-21, 448, 959 
Universe: 
age of, 940 ƒn, 967 
Big Bang theory of, 941, 
96 
CDM model of, 977-78 
critical density of, 975 
curvature of, 0961-63, 974-75 
entire, 970 
expanding, 964-67, 975—77 
finite or infinite, 948, 962~63, 
967, 975 
future of, Ø75-77 
history o£, Ø70-73 
homogeneous, 966 
1nflationary scenario o£, 971, 
973-75 
1sofropIc, 966 
large-scale structure, 9Ø77-78 
matfer-dominated, 972, 973 
observable, 967, 969—70, 974 
Oripin of elements In, 
955-560 
Tađdiation-dominated, Ø72-—73 
Standard Model of, Ø70-73 
steady-state model of, 967 
temperature o£, 941 
Unknowns, solving for, 
A-4-A-5 
nphysical solution, 31, 36 
npolarized light (deƒfn), 699 
nstable equilibrium, 240 
nstable nucleus, 863 ƒf 
p quark, 934 
pdated subpixel, 492 
ranium: 
1n dating, 73-77 
decay, 865 
enriched, 891 
fission of, 889-094 
1n reactors, 889-94 
Uranus, 126, 127 
Useful magnification, 732, 785 
UV light, 630, 686, 693 
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'Vacuum enersy, 977 
'Vacuum pump, 267, 282 
'Vacuum state, 925-26, 974 
Valence, S17 
Valence bands, 842-43 
Van de Graaff generator, 459 
van der Waals bonds and 
forces, 834-37 
Vapor (deƒn), 378 (see also 
Gases) 
Vapor pressure, 379 
'Vapor1zation, latent heat of, 
397-98, 399, 400 
Variable stars, 958 
Varying force, 142 
Vector, escape, 384 pr 
Vector displacement, 23, 50-52 
Vector field, 457 
Vector form of Coulomb's law, 
450-53 
Vector quantities, 50 
Vector sum, 50-57, 87, 173 
Vectors, 23, 50-57 
addition oÊ 50-57, 87, 450 
components of, 53-57 
đirection o£ 23, 50 
displacement, 23, 50-52 
force, addition of, 87 
magnitude of, 23, 50 
multiplication, by a scalar, 
52-53 
multiplication of, 52-53 
negative of (deƒn), 52 
parallelogram method of 
adding, 52 
resolution of, 53-57 
resultant, 50-52, 56-57 
subtraction o£, 52-53 
sum, 50-57, 87 
tail-to-tip method of adding, 
51-52 
Velocity, 23-25, 50 
acceleration vs., 27 
addition o£, 65-66 
angular, 200-3 
average (deƒn), 23-25, 28, 39 
drift, 516, 569 
of EM waves, 629 
as a function of time (SHM), 
301 
gradient, 279 
Iinstantaneous (đeƒn), 25, 
39-40 
of light, 9, 629-343, 656, 681, 
747, 748 
molecular: 
and relation to 
temperature, 376—77 
and probability, 433 
relative, 65-66, 179 
relativistic addition o£, 764 
relaftivistic transformations, 
A-24 
rms (root-mean-square), 376 
and slope, 39-40 
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VelocIty (continued) 
of sound, 329 
supersonic, 329, 348-49 
terminal, 34 ƒn 
of waves, 306, 308-9 
Velocity selector, 578 
VenezIano, Gabriele, 942 
Ventricular fibrillation, 487, 
543 
Venturi meter, 278, 288 pr 
Venturi tube, 278 
Venus, 3, 125, 126, 128, 134 pr, 
723 
Vertical (deƒn), 84 ƒn 
Vibrating strings, 315-1ó6, 
335-37 
Vibration, 292 ƒƒ 
of alr columns, 337-40 
amplitude o£, 294 
floor, 299 
forced, 304 
frequency of, 294, 303, 
315-17 
molecular, 326 pr, 393, 839 
period of, 294 
as source of waves, 306 
Of spring, 293 ƒf 
on strings, 315—16, 335-37 
(see also Oscillatlons) 
Vibrational energy, 295—97 
molecular, 393, 839 
Vibrational quantum number, 
839 
Vibrational transition, 839 
Virtual image, 647, 664 
Virtual particles, 922 
Virtual photon, 922 
Virus, 9, 785 
Viscosity, 273, 279-80 
coefficient of, 279 
Viscous force, 279-80 
Visible light, wavelengths of, 
630, 685-87 
Visible spectrum, 68Š5—87 
Vitreous humor, 719 
Volatile memory, 606 
Volt (V) (unit), 475 
Volt-Ohm-Meter/Volt-Ohm- 
Milliammeter (VOM), 548 
Volta, Alessandro, 475, 483, 502 
Voltage, 473, 475 ƒƒ, 503 ƒ, 527 ƒƒf 
base bias, S50 
bias, 845 
breakdown, 477 
electric field related to, 477 
hazards of, 543-45 
measuring, 546-48 
peak, 514 
rIipple, 847 
rms, 514-15 
signal, 488-89 
supply, 488 
terminal, 527-28 
(see also Electric potential) 
Voltage divider, 530 
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Voltage drop, 507, 533 (see 
Voltaøe) 
Voltage gaIn (đdeƒn), 851 
Voltaic battery, 502 
Voltmeter, 546-48, 576 
connecting, 547 
digital, 546, 548 
resistance, effect of, 547-48 
sensitIvity, 547 
'Volume change under pressure, 
244, 415-17 
'Volume expansion (thermal), 
364, 366 
coefficient of, 364, 366 
'Volume formulas, inside back 
COVeT 
'Volume holograms, 824 
'Volume rate of flow, 273 
'VOM, 548 
von Laue, Max, 734 
Vonn, Lindsey, 97 


W* particles, 924, 930-32, 937 
'Walking, 82 
'Walls and voids of galaxIes, 
978 
'Watch-face LCD display, 704 
'Water: 
anomalous behavior below 
4°C, 366-67 
cohesion of, 281 
density o£, 261-62, 271 
dipole moment of, 482 
and electric shock, 544 
expansion of, 366 
heavy, S91 
latent heats of, 397 
molecule, 497 pr, 832, 833 
polar nature of, 445, 482, 832 
properties of: inside front 
COVeT 
Saturated vapor pressure, 379 
specific gravity of, 262, 271 
specific heat of, 393 
supply, 263 
thermal expansion of, 366 
triple point o£, 378 
waves, 305 ƒƒ, 314, 317, 318 
'Water barometer, 267 
Water strider, 281 
Watson, J., 735 
'Watt, James, 159 ƒn 
Watt (W) (unit), 159, 511 
Wave(s), 305-19, 627 ƒ, 
679-704 
amplitude, 294, 306, 310, 319, 
333, 804-6 
bow, 348-409 
complex, 341 
composite, 340 
compression, 307, 309 
continuous (đeƒn), 306 
crest, 306, 313-—14 
điffraction o£, 318, 680, 
687-93 


dispersion, 686 

displacement o£, 319 

earthquake, 309, 310-11, 318 

electromagnetic, 625~39 (see 
also Light) 

energy In, 310-11 

expansions in, 307 

frequency, 306 

front, 312, 680 

function, 804-6 

gravity, 978 

1n-phase, 314 

1ncident, 313, 317 

Infrasonic, 330 

Intensity, 310-11, 331-343, 
634-35, 688-90 

Interference o£, 313-14, 
341-43, 682-85 

light, 629-33, 679~704 (see 
also Light) 

linear, 310 

longitudinal (defn), 307 ƒƒ 

mathematical represenfation 
o£ 319 

of matter, 782-84, 795-96, 
804 # 

mechanical, 305-—19 

motion of 305-19 

one-dimensional, 310 

out-of-phase, 314 

P.309, 311 

packet, 327 pr 

particles vs., 680 

period of, 306 

periodIic (đeƒn), 306 

phase of, 314 

plane, 312-13, 628, 682 

power, 310 

pressure, 309, 330 ƒƒ 

pulse, 306 

radio, 630, 639, 731 

Tarefactions In, 307 

reflection of, 312—13 

refraction of, 317—18 

S, 309 

shear, 309 

shock, 348-49 

sinusoidal traveling, 319 

sound, 307, 309, 328-51, 631 

source of, oscillations as, 306 

speed of, 306, 308-9 (see also 
Speed of light; Speed of 
sound) 

spherical, 310, 312 

standing, 315—17, 335-40 

on astring, 315-16, 335-37 

surface, 309 

three-dimensional, 310 

tidal, 306 

transmission o£É, 312~13 

transverse, 307 ƒƒ, 308, 309, 
629, 699 

traveling, 319 

trough, 306, 313-14 

two-dimensional, 310 


types of, 307—10 (see also 
Lipht) 
ultrasonic, 329, 347, 350 
velocity of, 306, 30§-9, 629 
water, 305 ƒƒ 
(see aiso Lipht) 
Wave displacement, 319, S804—5 
Wave front, 312, 680 
Wave function, 804-6 
for H atom, 830 
Wave Intensity, 310-11, 331-33, 
634-35, 688-90 
Wave-Interference 
phenomenon, 682 
Wave motion (sec Wave(S); 
Light; Sound) 
Wave nature of electron, 806 
Wave nature of matter, 782-84, 
795-96 
Wave packet, 327 pr 
Wave theory of light, 679—704, 
776 
Wave velocity, 306, 308-9, 629 
(see also Light; Sound) 
'Wave-particle duality: 
of light, 782 
of matter, 782-84, 795-096, 
S04-9 
Waveform, 340-41 
Wavelength (deƒn), 306, 314 ƒn 
absorption, 793 
Compton, 760 
cutoff, S18-19 
de Broglie, 782-83, 795—9ó, 
805, 917 
depending on index of 
refraction, 681, 686 
as limit to resolution, 732, 
917 
of material particles, 782—83, 
795-96 
of spectral lines, 79293 
Weak bonds, 460, 461, 834-37, 
840 
Weak charge, 937 
Weak nuclear force, 129, 863, 
867, 924-42, 959 
range o£, 938 
'Weakly Interacting massive 
particles (WIMPS), 976 
Weather, 381 
and Coriolis effect, A-18 
forecasting, and Doppler 
effect, 348 
Weber (Wb) (unit), 592 
Weipht, 76, 78, 84-86, 121-22 
apparent, 124-25, 270 
atomic, 360 
as a force, 78, 84 
force of pravity, 76, 84-86, 
121-22 
mass compared to, 78, 84 
molecular, 360 
'Weiphtlessness, 124-25 
Weinberg, S., 936 


Wess, J., 942 
'Whales, echolocation in, 309 
'Wheatstone bridge, 556 pr 
'Whirlpool galaxy, 950 
White dwarfs, 951, 953, 955-57 
White light, 686 
'White-lieht holograms, 824 
White-light LED, 848 
'Whole-body dose, 902 
Wide-angle lens, 718, 728 
'Width, of resonanece, 932 
Wien”s (displacement) law, 774, 
952,953 
WIilkinson, D., 968 
Wilkinson Microwave 
Anisotropy Probe 
(WMAP), 931 ƒn¡, 968 
Wilson, Robert, 919 ƒn, 967—68 
WIMPS, 976 
Wind: 
as convection, 402 
and Coriolis effect, A-18 
noise, 340 
power, 435 
Wind instruments, 317, 337-40 
'Windings, 577 
Windows: 
heat loss throuph, 401 
thermal, 401 
Windshield wIpers, 
1ntermittent, 543 
'Wing of an airplane, HIft on, 277 
Wire, pround, 544-45 
Wire drift chamber, 876 ƒn 


'Wrre proportional chamber, 
878 ƒn 
Wire-wound resIstor, 506 
Wireless communiIcation, 625, 
636-39 
'WIreless transmission of pDOWer, 
604 
'Wrring, electrical, 545 
Witten, Edward, 942 
WWMAP, 931 ƒn, 968 
Word-line, 605 
Work, 138-45, 155, 391, 412-19 
to bring positive charges 
together, 480 
compared to heat, 412 
defined, 139, 412 ƒf 
done by a constant force 
(deƒn), 139-42 
done by an electric field, 474 
done by a gas, 414 ƒf 
done by torque, 214 
done by a varying force, 142 
done In volume changes, 
415-17 
1n first law of 
thermodynamics, 413—19 
graphical analysis for, 142 
from heat engines, 420 ƒƒ 
on the Moon, 142 
negative, 140 
and power, 159-61 
relation to enerøgy, 142-47, 
155, 157-61 
units of, 139 


'Work function, 776-77 
'Work-enersy principle, 142-45, 
150, 760, 921 
energøy conservation vs., 157 
as reformulation of NÑewton”s 
laws, 144 
'Working off calories, 392 
'Working substance (đeƒn), 
421 
Wrench, 223 pr 
'Wripht, Thomas, 948 
Writing data, 605 


XDF (Hubble eXtreme Deep 
Field), 947, 961 
Xerox (see PhotocopIer) 
Xi (particle), 931 
XI—anti-XI parr, 925 
X-rays, 630, 733-36, S17-19, 
869 
and atomic number, 817-19 
characteristic, 818 
1n electromagnetic spectrum, 
630 
spectra, 817-19 
X-ray crystallography, 734 
X-ray diffraction, 733-35 
X-ray image, normal, 735 
X-ray scattering, 780 


'`YBCO superconductor, 517 
'Yerkes Observatory, 724 
Yosemite Falls, 155 

Young, Thomas, 682, 685 


'Young”s double-sÏlit 
experiment, 682-§5, 690, 
805-6 

'Young”s modulus, 241-42 

Yo-vo, 227 pr 

'Yttrium, barium, copper, 
oxygen superconductor 
(YBCO), 517 

Yukawa, HidekIi, 922-23 

Yukawa particle, 922-23 


Z (atomic number), 815, 
817-19, 858 

Z2 particle, 826 pr, 915, 924, 
930-32, 937 

Z-particle decay, 924 

Zeeman effect, 812 

Zener diode, 846 

Zero, absolute, temperature of, 
368, 424 

Zero-point energy, 839 

Zeroth law of thermodynamics, 
363 

Zoom, digital, 718 

Zoom lens, 718 

Zumino, B., 942 

Zwelg, G., 934 
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Fundamental Constants 


Quanftity Symbol Approximate Value Current Best Value” 
Speed of light in vacuum € 3.00 < 10 m/s 2.9979245§ x 108m/s 
Gravitational constant G 6.67 x 10ˆ11N-m?/kgˆ 6.67384(80) x 10”!11N-m”/kg7 
Avogadro's number NA 6.02 x 102 mol! 6.02214129(27) x 103 mol! 
Gas constant R 8.314J/mol-K = 1.99 cal/mol-K 8.3144621(75) J/mol-K 

= 0.0821 L-atm/mol -K 
Boltzmann”s constant k 1.38 x 10 ”31/K 1.3806488(13) x 10 ”1J/K 
Charge on electron e 1.60 < 10”!2C 1.602176565(35) x 1012 
Stefan-Boltzmann constant ơ 5.7 x 10 8W/mˆ”-K? 5.670373(21) x 10# W/m”: K* 


Permittivity of Íree space 


8.85 x 10”!2C?/N-mŸ 
4m x 107T-m/A 


8.854187817... x 10 !^C”/N-mˆ 
12566370614... x 105T-m/A 


Permeability of [ree space Đo 
Planek's constant h 6.63 < 103!J-s 6.62606957(29) x 10'!J-s 
Electron rest mass mẹ 9.11 x 10kg = 0.000549u 9.10938291(40) x 10kg 
= 0.511 MeV/c7 = 5.48579909(25) x 10°u 
Proton rest mass Họ 1.6726 x 10ˆ”Ïkg = 1.00728u 1.672621777(74) x 10”””kg 
= 938.27 MeV/c7 = 1.007276467(45)u 
Neutron rest mass mạ 1.6749 x 10ˆ”Ïkg = 1.008665 u 1.674927351(74) x 10” kg 
= 939.57 MeV/c7 = 1.008664916(45)u 
Atomie mass unit (1u) 1.6605 x 107kg = 931.49 MeV/c?  1.660538921(73) x 107kg 
= 931.494061(21) MeV/c7 
TNumbers in parentheses indicate one-standard-deviation experimental uncertainties in final digits (2010). 
Values without parentheses are exact (¡.e., defined quantities). 
Other Useful Data The Greek Alphabet 
Joule equivalent (1 cal) 4.186 J Alpha A œ Nu N U 
Absolute zero (0 K) —273.15°C Beta B B Xi =i ễ 
Acceleration due to øravIty Gamma T 7 Omicron O LÒ 
at Earth”s surface (avg.) 9.80 m/s” (= g8) Delta A ô Đi BÍ nh 
Speed of sound ïn air (20°C) 343 m/s Epsilon E c,£ Rho P p 
Density of air (dry) 1.29 kg/mỶ Zeta 7 £ Sigma S ơ 
Earth: Mass 5.98 x 10 kg Eta H TỊ Tau T T 
Radius (mean) 6.38 x 10km Theta O 6 Upsilon Y ?Ø 
Moon: Mass 7.35 x 102 kg lota T1 h Phi © $°,œ 
Radius (mean) 1.74 x 10km Kappa K k& Chi X X 
Sun: Mass 1.99 x 109kg Lambda '\ À Psi NI Ự 
Radius (mean) 6.96 x 107km Mu M ụ Omega Ọ đi 
Earth-Sun distance (mean) 149.60 x 10km 
Earth-Moon distance (mean) 384 x 10km 
Values of Some Numbers 
r = 3.1415927 ⁄2 = 14142136 In2 = 0.6931472 logioe = 0.4342945 
e = 2./7182818 4⁄3 = 1.7320508 In 10 = 23025851 lrad = 57.2957795° 


Mathematical Signs and Symbols 


œ 1S proportional to 

= 1s equal to 

~ 1S approximately equal to 
z 1S not equal to 

> 1S øreafer than 

>>  ¡smuch greater than 

< 1s less than 

<<  ¡ismuch less than 


1s less than or equal to 

1S preater than or equal to 
sum of 

average value of x 

change In x 

Ax approaches zero 

nín — 1)(n — 2)... (1) 


I2 W IA 


3ä PP 
H 
1 
c© 


Properties of Water 


Density (4°C) 1.000 x 10” kg/mỶ 
Heat of fusion (0°C)  334kJ/kg 
(79.8 kcal/kg) 
Heat ofvaporization 2260 k]/kg 
(100°C) (539.9 kcal/kg) 
Specific heat (15°C) 4186 J/kg-C° 


(1.00 kcal/kg: C9) 


Index of refraction 1.33 


Unit Conversions (Equivalents) 


Length 


1in. = 2.54cm (defined) 

1cm = 0.3937in. 

1ft = 30.48 cm 

1m = 39.37in. = 3.281 ft 

1 mi = 5280ft = 1.609 km 

1km = 0.6214mi 

1 nautical mile (U.S.) = 1.151 mi = 6076 ft = 1.852 km 
1 fermi = 1 femtometer (fm) = 10m 
1 angstrom (Ä) = 10”!°m = 0.1nm 

1 light-year (ly) = 9.461 x 101m 

1 parsec = 3.26 ly = 3.09 x 10!°m 


Volume 


1 liter (L) = 1000 mL = 1000 em = 1.0 x 103m = 
1.057 qt (U.S.) = 61.02in.Š 

1 gal (U.S.) = 4qt(U.S.) = 231in3Ỷ = 3.785L = 
0.8327 gai (British) 

1 quart (U.S.) = 2 pints (U.S.) = 946 mL 

1 pint (British) = 1.20 pints (U.S.) = 568 mL, 

1m = 35.31 ftẺ 


Speed 


1 mi/h = 1.4667 ft/s = 1.6093 km/h = 0.4470 m/s 
1 km/h = 0.2778 m/s = 0.6214mi/h 

1ft/s = 0.3048 m/s = 0.6818 mi/h = 1.0973 km/h 
1m/s = 3.281 ft/s = 3.600 km/h = 2.237 mi/h 

1 knot = 1.151 mi/h = 0.5144 m/s 


Angle 


1 radian (rad) = 57.30” = 57°18' 
1° = 0.01745 rad 
1 rev/min (rpm) = 0.1047 rad/s 


SI Derived Units and Their Abbreviations 


Time 


1 day = 8.640 x 10s 
1 year = 365.242 days = 3.156 x 107s 


Mass 


1 atomic mass unit (u) = 1.6605 x 10” kg 
1 kg = 0.06852sÌug 
[1 kg has a weight of 2.20 Ib where g = 9.80 m/sẼ.] 


Force 


1lb = 4.44822N 
1N = 107dyne = 0.2248 lb 


Energy and Work 


11 = 10ergs = 0.7376 ft-Ib 

1ft-Ib = 1.356 J = 1.29 x 10 ”Btu = 3.24 x 10 “kcal 
1 kcal = 4.19 x 108J = 3.07 Btu 

1eV = 1.6022 x 1071J 

1kWh = 3.600 x 108J = 860 kcal 

1Btu = 1.056 x 10°J 


Power 


1W = 11/s = 0.7376ft-Ib/s = 3.41 Btu/h 
1hp = 550ft-lb/s = 746 W 


Pressure 


1 atm = 1.01325 bar = 1.01325 x 107N/mZ 
= 14.7lb/in.” = 760 torr 

1Ib/in.2 = 6.895 x 10°N/mZ 

1Pa = 1N/mŸ = 1.450 x 10 *lb/in2 


Metric (SI) Multipliers 


Prefix Abbreviation 'Value 


24 
In Terms of xiÊ b mế 
Quanfity ít Abbreviation Base UnitsÏ tu 18 
exa E 10 
Force newfon N kg-m/sf peta P 1015 
Energy and work Joule J kg: m/s? tera JỶ 102 
h 9 
Power watt W kg-m”/s” BIea G hà 
M 10 
Pressure ascal Pa kg/(m-s” Tư 
h sí khan kilo k 103 
Frequency ©TtZ Hz S liơEbo b 102 
Electric charge coulomb C Ass deka da 101 
Electric potential volt V kg-m/(A -s” deci d 101 
Electric resistance ohm Ọ kg-m/(AZ-s”) centi € 102 
Capacitance farad F A2-s†/(kg-m?) milli ¬ 107 
M ` 2 mICTO u 1076 
agnetic field tesla T kg/(A -s?) ni 
- ' 2 nano n 10 
Masnetic flux weber Wb kg:m ⁄A S ) pico p 10-12 
Inductance henry H kg-m/(AZ -s”) femto f 1015 
Ïkg = kilogram (mass), m = meter (length), s = second (time), A = ampere (electric current). atto a lỤ 
zepto Z 10”! 
yOcfO V 102 


Useful Geometry Formulas — Areas, Volumes 


Circumference of circle (€  = zrd = 27rr 


2 
Area 0Ý circle A =7mr Ạ ⁄ 
{ 
Area of rectangle A=fu tụ [__] 
Area ofparallelosram A = bh Ñ 
b 
Area 0Ý triangle A=š;hb ⁄Z2\, 
b b 

Ripht triangle z 

(Pythagoras) c2 = a4” + bˆ _#' 

b 

Sphere: surface area = 47r 

volume V =jmrŠ 
Rectangular solid: 

volume V =uh -.. 
Cylinder (ripht): . 

surfacearea  A = 2ørÊ + 2zr7 

volume V =mrt 
Ripht circular cone: 

Surface area A = ãrˆ + mr\/rˆ + lÈ 

volume V =šmr”h 


Binomial Expansion [Appendix A-5] 


v.v. _ HỆn — 1) „  nín — l)n~ 2) + 
(1+x) 1 + mx +1 21 # 3:21 # | 
~l+mx IÍx << 1 
[Example: (1 + 0.01) 1.03] 
1 1 _1 
ExampIle: = = (1 0.01) 2z 
PS V99 V1I-— 001 ) 
Trigonometric Formulas [Appendix A-7] 
lÙ 
sin Ø0 = Sáng 
hyp 
OpP (OppOSIt) adj 
COSØ = ——— 
hyp 
adj (adjacent) OpP 
tanØ = ——~ 
adj 
adjˆ + oppˆ = hyp?” (Pythagorean theorem) 
sin 9 
{ = 
xG cos Ø 
sin” Ø + cos”Ø = 1 
sin 20 = 2 sin 0 cos 9 
cos 2Ø = (cos20 — sin”Ø) = (1 — 2sinØ) = (2cos2ø — 1) 


Exponents [See Appendix A-2 for details] 


(a")(a") = a"*“' [Example:(a3)(a?) = Bộ 
(9Í) = t6)" IEanele)ø)= (2) 
lệ” củ" Example: lạ) = 

ExampIe: (z}* = 
al= ` 8. = - U—.† 
4= V8 aœ= NNã 
(24 )= =4" ” JEx:(a)(ø?)= 2] 


Quadratic Formula [Appendix A-4] 

Equation with unknown x, 1n the form 
ax? +bx+c=0, 

has solutions 

—b + \/b? — 4ac 


2a 


* 


Logarithms [Appendix A-8; Table p. A-11] 


If y = 101, then x = logio y = log y. 
If y = e*, then x = log¿y = lnÿy. 
log(ab) = loga + logb 
Io(Ÿ] = loga — logb 
loga” = nloga 
Fractions 
OT x“ < = — is the same as ađ = bc 
for x < 1 E 


q 
b 

6) 

b ad 


bc 


—2)(0.01) 1.005] 


cos(180° — 0) = —cos Ø 


cos(90° — 0) = sin0Ø 
sin šØ = \⁄(1 — cosØ)/2 cos 3 Ø = 4(1 + cosØ)/2 
sinØ 6Ø [for small < 0.2rad] 


2 

cosØ + 1 — lê [for small 9 < 0.2 rad] 
sin(A + Ö) = sin Acos 8 + cos Asin B 
cos(A + ) = cos Acos Ö T sin Asin 8 


For any triangle: BẠN 


: a Ẹ . € ạ 
cẤẰ=a + b“— 2abcosY  (law ofcosines) 
sina sSI"8 sin7 : b 
= = (law of sines) 
q b €C 


Periodic Table of the ElementsÌ 


[Masses averaged over natural abundances] 


Group Group Mộ Group Group Group Group Group Group 
1 l1 Transition Elements IH IV V VỊ VH VII 


H 1 averaged over He 2 
1.00794~ ñD0000100G68 0f 4.002602 
HH: ¡H 


IS? 


4 Symbol —| C| 17 Atomic Number @ 6N  7IO F 9JNe 10 


9.012182 Atomic MassŠ _— | 3s4s3 120107 | 140067 | 15.9994 |18.9984032| 20.1797 
(averaged) 


2g” 3pŠ 6 


Electron Configuration 3 
Mg 12 (outer shells only) : Am. 


24.3050 28.0855 30.973762 39.948 
3p? 3p3 
Sc 2I|Ti 22|V 23|Cr 24|Mn 25|Fe 26|Co 27|Ni 25|Cu 29|2n 30 As 33 
39.0983 44.955912 | 47.867 50.9415 51.9961 54.938045 | 55.845 58.933195 | 58.6934 63.546 65.409 74.92160 
4ø1 3đ14s2 34242? 3434s? 3454s1 3454s2 34542 3474s2 3434s2 3đ194s1 341942 ° 4p3 
Rb 37 Y  39|Zr 40|Nb 41I|Mo 42|Tc 43 Rh 45|Pd 46|Ag 47|Cd 48|In 49|Sn 50|Sb SĨ Xe 54 
85.4678 88.90585 | 91.224 9290638 | 95.94 (98) 102.90550 | 106.42 107.8682_ {112.411 114.818 118.710 121.760 126.90447 | 131.293 
4415s2 4đˆ5s” 4445»! 4455s1 4455»? 445541 42/1950 441051 4410582 5p? 5p3 5pŠ 5p® 
Ba 56|57-71ï|Hf 72|Ta 73|W 74|Re 75 Ir 77|P( 78|Au 79|Hg §0 81I|Pb 52|Bi 53|Po 54|At S5|Rn §6 
I3) 178.49 180.94788 | 183.84 186.207 192.217 195.084 196.966569 | 200.59 207.2 208.98040 (209) (210) (20) 


6s? 54?6s? 5436s? 54*6s? 5456s? 5476s? 54%6s1 541961 S199” 6p? 6p3 6p‡ 6pŠ 6p9 


Ra 88 |89-103‡| Rf 104|Db 105|Sg 106|Bh 107 Mt 109|Ds 110 | Rg 111 |Cn 112 El I14 1151|Lv 116 T7" 1181 
(226) (263) (268) (71) (270) (278) (281) (281) (285) (289) (289) (293) (294) (294) 


THẾ” 642732 6437s? 64#7s? 64Ÿ7s2 6477s? 64275! 60155750 0|G15217/5 6đ!07s?7p? 64!97s27p# 


TPreliminary evidence (unconfirmed) has been reported. 


La 57[JCe 58|Pr 59|Nd 60|Pm ó1 |Sm 62|Eu 63|Gd 64|Tb 65|Dy 66|Ho 67|Er 68| Tm 69 
TLanthanide Series | 135.90547 | 140.116 |140.90765 | 144.242 (45) |150.36 151964 |157.25 158.92535 |162.500 |164.93032 |167.259 |168.93421 


5đ!6s? 4ƒ15d!16s2 |4ƒ35d496s2 | 4ƒ25d9%6s2 | 4ƒ55496s? | 4ƒ55496s2 | 4ƒ75d9%6s2 | 4ƒ75d!6s2 | 4ƒ25496s2 |4ƒ195496s?|4ƒ1!15496s?|4ƒ125a96s?|4ƒ135496s2 


Ác 89|Th 90|Pa 91lU 92|Np 93|Pu 94| Am 95|Cm 96|Bk 97|Cf 98|Es 99 | Em 100Ị Md 101|No 102 |Lr 103 
‡Actinide Series (227) |232.03806 |231.03588 |238.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262) 


6417? | 64214? |5ƒ?64!1s? | 5ƒ36411s? | 5ƒ%64!1s? | 5ƒ56491s2 | 5ƒ76491s? | 5ƒ764113? | 5ƒ96491s? | 5ƒ!96497s2|5ƒƑ!16491s2| 5ƒ!26491s2| 5Ƒ!36491s?| 5ƒ146491s2| 5ƒ !46417s7 


Š Atomic mass values averaged over isotopes in percentages they occur on Earth's surface; individual isotopes are found in Appendix B. For many unstable elements, mass of the longest-lived known 
1SOfOpe 1s øIven 1n parentheses. 2010 revisions. 


